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ABSTRACT 
The Trondheim Nappe outcrops over the greater part of the Thondelag 
region of central Norway, within which it is the highest unit of the 
Caledonian aflochthon. The nappe is cored by the Gula Group, which out-
crops centrally in Thonde lag, and which is flanked by the stratiaphi-
cally eQuvalent Eastern and Western Thondela.g successions. LTruIdiately 
adjacent to the Gula Group, on its eastern and western margins respec-
tively, are the metamorphosed basic volcaruics of the Ftridsj o and Storen 
Groups. The geological and geochemical characteristics of the Gala 
Group suggest close association with an island-arc system, while those 
of the Fdsjo and Storen Groups are consistent with an origin at a 
submarine spreading centre (possibly in a marginal basin). Juxtaposition 
of the Gala Group, and the Fundsj o and Storen Groups, by tectonic pro-
cesses, may have occurred during the pre -Themadocian Trondheim Orogeny. 
Subsequent to this event, the younger units of the Eastern and Western 
Thondelag successions were deposited, and elacerrent of the Trondheim 
Nappe onto the Baltoscandian platform took place during the post-
Liandoverian main Scandinavian Orogeny, as a result of closure of the 
Iapetus Ocean. North American faunas in the Western Thondelag succession 
indicate derivation from the Greenlandian continental margin. 
Both copper-zinc and nickel-copper sulfide mineralisation occur in 
the Gula Group. The copper-zinc mineralisation is generally associated 
with rretabasaltic horizons and is of volcanogenic origin. Application 
of the sphalerite geobarorreter to deposits in the central parts of the 
Gala Group in southern Thondelag suggests metarroric pressures of at 
least 6 kb, probably related to the Trondheim Orogeny. In contrast, 
pressures of 5 kb or less have been obtained from deposits in the Storen 
and Fundsjo Groups. Lcw pressure re-equilibration during the main 
Scandinavian Orogeny probably took place and pressures in excess of 
8 kb may have been attained in the central parts of the Gula Group. 
Nickel-copper sulfide mineralisation is associated with rare 
rretagabbroic and ultranafic intrusions. The rrtagabbroic complexes 
were intruded before or during the Trondheim Orogeny. Where primary 
magmatic silicate assemblages have been fond, mineral chemistry is 
consistent with available data from other gabbroic intrusions of thol-
elitic character. The ultramafic bodies were emplaced after the meta-
morphic peak associated with the Trondheim Orogeny, but before the end 
of the main Scandinavian Orogeny. Petrological observations, together 
with consideration of whole-rock and mineral chemistry, suggest intru-
sion of a crystal-liquid mush containing olivine (with minor clinopy-
oxene) and a highly-magiesian liquid. The nickel-copper sulfide min-
eralisation is of magmatic origin, and assimilation of country-rock 
sulfur was probably responsible for saturation of the silicate magmas 
with respect to sulfur, and hence for the precipitation of the immis-
cible sulfide liquids. In irny cases, however, subsequent rretairrphism 
and deformation have resulted in considerable textural and chemical 
modification of the original ores. 
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CHAPTER 1 
INTRODUCTION 
1.1 The Scandinavian Caledonides. 
The eastern part of the North Atlantic Caledonides is exposed in 
western Scandinavia over a longitudinal distance of about 1500 km and 
a width of 200-300 lcmi (inset Nap 2). It is underlain by Baltoscandian 
Precambrian crystalline basement from 1800 to 1000 my old. The 
Caledonides are known for the most part as a result of reconnaissance 
survey, and in general investigations are insufficiently advanced to 
give a safe foundation for a regional synthesis. The situation is fur-
ther complicated by the Norwegian-Swedish border, which over a large 
area more or less syiimeUically divides the orogen, and across which 
fundamental differences in statiaphic and structural interpretation 
have evolved. It is now generally accepted, however, that a sequence 
of major nappe units have been translated from west to east onto the 
Baltoscandian Platform, with higher parts of the nappe pile being deri-
ved from west of the present Norwegian coast. 
The area of south-central Scandinavia, from Ostersund in Sweden to 
Trondheim in Norway (Fig. 1.1), has been the subject of a special study 
in the context of the Inter-Union Commission on Geodynainics (Annersten, 
1973). Gee (1975a, b, 1978) has attempted to present a coordinated 
model for this T 7 geotraverse", which extends westwards from the eastern 
Caledonian Front to the Norwegian coast. He follows the convention 
established by earlier workers in the Scandinavian Caledonides (e.g. 
Hogbom, 1909) in treating the various rock units in two major categor-
ies: the Eastern Complex, and the Western Coulex. 
The Eastern Coiiçlex is composed of Precambrian crystalline baserrent 
overlain by a late Pr'eca.rnbrian to Silurian sequence of sediirnts up to 
2 km thick, and extends from the Caledonian Front to the Norwegian coast. 
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Fig. 1.1 	Basement-cover relationships in the 
Scandinavian Caledonides and location of the Tigeotraverse t? 
area. 	(Taken from Gee, 1978). 
composed of a basal unit the Sarv Nappe; a central unit the Seve-
1<01± Nappe complex; and an upper unit known variously as the Upper 
Nappe (Springer-Peacey, 196; Gee, 1975a, b; 1978) and the Trondheim 
Nape (}(ulling, 1961; Wolff, 1967a; Roberts et al., 1970). Table 1.1 
surrurrises the tectonic and stratiaic units in the ITgeotraversefl 
The major allochthonous units, the Off erdal and Western Complex 
Nappes, have been displaced eastwards from environments along, and to 
the west of the present Norwegian coast. Gee (1978) suggests that 
nappe displacement distance is in the order of 1000 kin, although he 
emphasises that actual translation may account for only about one half 
of this amount, the rest being achieved by stretching of the nappes. 
He suggests that a nappe pile was built up in the west from Early to 
Mid Silurian, which lead subsequently to a gravitational collapse and 
stretching of the nappes together with continued displacement eastwards 
onto the Baltoscandian Platform during the Late Silurian to Early 
Devonian. From Early to Mid Devonian the Caledonian Frontal zone was 
affected by deco1leiint tectonics with cover shortening in the Eastern 
Complex in excess of 70 kin (the parautochthon - Table 1.1). 
1.2 The Gula Group 
The highest unit in the allhthon outcrops in the western part 
of the tgeotraverse  area over the greater part of the Thondelag region 
(Map 1), and will hereafter be referred to as the Trondheim Nappe after 
Kulling (1961) and Wolff (1967a). 
The regional stratiaphy within the Trondheim Nappe, comprising 
the Trondheim Supergroup (Table 1.1), was initially established in the 
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TABLE 1.1 
	
Sunirrry of tectonic and stratigraphic units in the "geotraverse" area. 
(Taken from Gee, 1975b). 
Gula Group - age uncertain but pre-Treiiadocian 
Storen Group - age uncertain but pre-Thenadocian 
Lower Hovin Group - Lower to Upper Ordovician 
Upper Hovin Group - age uncertain, assumed Upper Ordovician 
to Lower Silurian 
Horg Group - age uncertain, assumed Laser Silurian. 
In eastern Trondelag probable stratigraphic corr'elatives of these groups 
are known (Wolff, 1967a) as the Sonvati Group (Gula); Fundsj o Group 
(Storen); Sulam Grp (Lower Hovin); lKjolhaugen Group (Upper Hovin); 
and Slagan Group (Horg). These successions are known as the Western 
and Eastern Trondelag successions respectively and are shown on Map 1. 
The Gula Group occupies the central part of the 	nde1ag region, 
resting on the Fundsjo Group in the east and in contact with the Storen 
Group in the west (Map 1). It crops out over some 300 kin from the dis-
trict of Snasa in the north to that of Dorrbas in the south, and has its 
maximum E-W extent of over 50 kin in the area of Gauldalen (place names 
are located on Map 2). In western Thondelag there is considerable con-
troversy over the possible outcrop of the Gula Group. However, it will 
be suggested later in this thesis (Chapter 3) that a thin sliver of 
Gula Group less than 1 km in thickness, discontinuously separates the 
younger part of the Western Thonde lag succession from the lower tectonic 
units of the Seve-IKoli Nappe complex further to the west (Map 1). 
The Gula Group consists of intensely deformed psanniitic, calcareous, 
graphitic, and pelitic sdiists, with subordinate arrhibolites and rare 
bodies of inetagabbroic and u1trafic affinities. Sulfide mineralisa-
tion occurs dominantly in association with the airhibolites and the neta-
gabbroic and ultramef Ic messes, and rarely in the schists themselves. 
Fossil remains are lacking but a Cambrian age has previously been assumed 
by reason of Thenadocian graptolites reported from the Sulam Group in 
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eastern Thondelag, close to the contact with the Fundsj o Group (Vogt, 
J. H. L.., 1889; Vogt T. 3 19 141; Storner, 1941; Wolff, 1967b, 1976). 
The Storen and Fundsj o Groups consist dominantly of metamorphosed 
basic volcanics while the overlying '.nüts of the Eastern and Western 
Thondelag successions are corrosed of a variety of rrtasedirents and 
more felsic volcan.ics. 
In the Trondheim Nappe metamorphism reaches upper anphibolite fades 
in the central parts of the Gula Group, and decreases symmetrically out-
wards and upwards through the nappe to lower aiirphibolite/greensdiist 
facies in the Storen and Fundsj o Groups and greenschist or lower fades 
in the higher units. 
At present there is considerable controversy over: 
the regional outcrop distribution of the Gula Group 
the structural relationships between the various units of 
the Trondheim Nappe, and 
the large scale structure of the nappe itself. 
In general the Gula Group is poorly exposed. The terrain has been 
dissected by a series of deep glacial valleys, which in general trend 
NW-SE. Valley floors are intensely cultivated and sparsely but contin-
uously populated. In contrast, the valley slopes have a dense covering 
of pine forest while the intervening high ground, although unforested, 
is commonly blanketed with a thick covering of glacial debris. 
1.3 Sulfide Mineralisation 
Sulfide mineralisation in the Gula Group may be divided conveniently 
into two types: copper-zinc mineralisation of anpbibolite association; 




1.3.1 	Copper-zinc mineralisation. 
Ores of this type have been mined from many small deposits within 
the Gu,la Group. From 1632 when the deposits at Kvilo-ie were first ex-
ploited two main periods of production occurred. 
Between 1650 and 1750 three independent smelting works, at Kvi]oie, 
So}c-iedal and Budal, were established for the production of copper. The 
Kvi}aie works became the largest industrial enterprise in the region, 
with twelve smelters operating on the River Orkia during this first era. 
The Naverdal smelter was finally closed down in 1872. First mention of 
the ores was by Voss (1783) in a review of Norwegian ore deposits, while 
Helland (1902), Falck-Muus (1932); Enmo (1935); and Storen (1951) provide 
historical accounts of the development of the mining and smelting indus-
try in the region. 
Following a de -ease in activity in the 19th century, a second 
period of mining was initiated at the beginning of this century. A 
number of old mines were revived, including those at Kvi)cie, and new 
mines, such as those at Rostvangen, were brought into operation. Pro-
duction ceased abruptly during the world-wide recession of the nineteen-
twenties, until the Undal mine was reopened in 1952. Since 1971, when 
the Unda.1 mine was finally abandoned, there has been no exploitation 
of Gula copper-zinc sulfide mineralisation. 
The origin of the Gula copper-zinc deposits has been the subject 
of extensive arguerrent in the geological literature. In general two 
schools of thought have prevailed. Authors such as Nilsen and Ithikherj ee 
(1972) emphasise the structural control of the orebodies, together with 
the presence of wall-rock alteration, and suggest an epigenetic origin; 
while others such as Vokes and Morton (1973) argue that such features 
are not inconsistent with defonied and metamorphosed syngenetic volcano-
gene deposits. More recently the syngenetic model has received general 
acceptance (Nilsen, 1978). 
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1.3.2 	Nickel-copper mineralisation. 
A number of small matagabbroic and ultramafic bodies in the Gula 
Group are associated with nickel-copper rnineralisation. Minor produc-
tion has taken place from the Skj aekera1en mtagabbro complex in 
northern Tronde lag, and from the Ol.kar and Vakkerlien rrtagabbros and 
the Ka.ltberget ultramafic in southern Tronde lag. 
The petrology and some aspects of the geochemistry of the host 
rooks has been described by Nilsen (1974) who suggests a primary mag-
iratic origin for the sulfide mineralisation. The Vakkerlien rrtagabbro 
has been the subject of a detailed study by Thaison (1978), who pro-
poses a model involving the intrusion and differentiation of a basic 
sheet containing an immiscible sulfide magma. Subsequent deformation 
and metamorphism control the present shape, orientation, and spatial 
relationships of the various rock types. 
1.4 The Project. 
During the nineteen-sixties Falconbridge Nickel Mines Limited set 
up a small exploration company, Al S Sulfidmalm, to explore for base 
metals in Norway. The Gala Group drew imrrediate attention. Initial 
exploration was centred around the old mines and showings of amphibolite 
association. A short drilling programme, however, revealed no ore of 
economic potential and attention moved to the showings of rretagabbroic 
and ultramafic association. In 1974 gab samples from the Vakkerlien 
showing returned good nickel assays and intensive geophysical explora-
tion was instigated over the area. This resulted in a drilling programme 
in the summer of 1975 which proved a mineralised zone of 1250 m length 
with an elliptical cross-section of average width 25 m and average depth 
5 m, lying dn the centre of a similarly shaped and aligned rretagabbro 
body. Using a 0.4% Ni cut-off, a body of 380000 tonnes of average 
gr,ade 1.08% Ni and 0.39% Cu was outlined. The success of this drilling 
lead to an extension of the exploration programme to cover all krioin 
rretagabbro and ultrarrfic bodies within the Gula schist. 
At this stage a research progranurE was initiated to describe the 
various types of sulfide mineralisation occurring in the Gula Group and 
to investigate their origin. The proganuie consists of two parts. 
Thonpson (1978) has investigated the systematically cored Vakkerlien 
prospect, while the project forming the basis of this thesis involves 
a regional investigation of the Gula Group with particular reference to 
the sulfide mineralisation. 
The objectives of the project are sunmarised as follows: 
To investigate the regional geology of the Trondheim nappe 
with special reference to the Gula Group, and its relation-
ship to adjacent units. 
To describe the various types of sulfide mineralisation 
and their host rocks, and to elucidate their origin. 
A total of seven months field work was carried out during the 
summers of the years 1976-1978. As a result of the vast area over 
which the Gula Group outcrops, it has not been possible to achieve the 
first objective on anything but a reconnaissance basis. To this end 
five profiles across the Gula Group and adjacent units have been napped 
at a scale of 1:50000. The profiles, the localities of which are indi-
cated on Map 2, follow the major NW-SE trending valleys previously 
described, allowing utilisation of good exposure offered by road and 
railway construction. The results of this investigation are presented 
in Chapter 3, together with inplicat ions to the geology of the Trondheim  
Nappe which is reviewed in Chapter 2. To compliment this study the 
petroloi and geochemistry of the copper-zinc mineralisation associated 
with the Gula anhibolites has been compared with similar mineralisation 
occring in the rrtavolcanics of the adjacent Stcen and Fn -idsjo 
Groups. A reconnaissance investigation of host-rook geocheniis - y 
has also been carried out. These aspects form the basis of Qiapter 
4. Structural relationships between the rrtagabbroic and uThanfic 
host rocks to nickel-copper mineralisation and their enclosing country 
rocks have been investigated, where expose permitted, by mapping 
over their areas of outcrop at 1:10000 or 1:5000 scales, and by log-
ging of drill core where available. Collection of samples for petro-
logical and geochemical investigation was carried out from surface 
expose, dinps, and where possible from drill core. The petrology 
and geochemisy of the host rocks are presented in Chapter 5, together 
with consideration of ore genesis. The geochemistry of the sulfide 
mineralisation is presented and discussed in Chapter 6, and the con-
clusions of the thesis are sTffrised in Chapter 7. 
This project has been carried out at the Grant Institute of 
Geology, University of Edinburgh, under the supervision of Dr. K. R. 
Gill. 
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THE GEOLOGY OF THE TR0I)HE1 NAPPE - A REVIEW 
Wolff (1960, 1964) and Springer-Peacey (1964) pointed out that 
the Carnbro-Silurian rocks in the northern Trondelag region are separ-
ated from the basement by a major thrust plane. Springer-Peacey (1964) 
interpreted the rocks above this thrust as constituting an "upper 
nappe" with a higher tectonic level than the Seve-IKoli Nappe Complex, 
the highest tectonic unit outcropping in Sweden (Gee, 1975 a, and b). 
Wolff (1967a) extended this thrust to surround all of the Cambro-
Silurian rocks of the Trondelag region and suggested the name 
"Trondheim Nappe" for the rocks lying above it (after IKulling, 1961). 
The extent of the nappe and its relationship to underlying units are 
shown on Map 1. 
To the south and southeast the Trondheim Nappe rests on the 
Eocambrian felspathic sandstone sequence known as "the sparaiites" 
(Skjeseth, 1963; Bjorlykke, 1974; Roberts, 1978). Gee (1975a) broadly 
correlates this sequence with the basal part of the Janrtland Supergroup 
of Sweden. The sediments are apparently autochthonous on the Pre-
cambrian crystalline basement (Gee, 1975a). To the east the nappe is 
underlain by both basement and Jamtland Supergroup sediments which are 
locally allochthonous, while to the northeast it lies on the high-
grade Seve amphibolites of the Seve-IKoli Nappe Complex (Table 1.1; 
Gee, 1975 a, and b, 1978). At its most northern extent the Trondheim 
Nappe is cut out by the &ong-Olden culmination, bringing it in con-
tact with the allochthonous basement of the Offerdal and associated 
nappes (Gee, 1974). To the west, the Cambro-Silurian sequence rests 
largely on Seve amphibolites, but locally on parautochthonous crystal-
line basement (Gee, 1975 a, and b, 1978). 
The Trondheim Nappe is the principal tectonic unit outcropping in 
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the Thndelag region. The distribution of the various stratigraphic 
units within the nappe, comprising the Trondheim Supergroup (Table 
1.1), are shown on Map 1. The central zone is occupied by the high-
grade schists of the Gula Group, and flanked by lower-grade volcanics 
and sediments, which in general, dip to the west in the east, and to 
the east in the west beneath it. These are the Eastern and Western 
Trondelag successions respectively. 
2.1 The Gula Group. 
On its eastern and western flanks the Gula Group structurally 
overlies the metavolcanics of the Fundsjo and Storen Groups respec-
tively. It is composed of psanraitic, pelitic, calcareous, and graph-
itic schists with subordinate amphibolites and intrusive bodies of 
ultramafic and metagabbroic affinities. Intense deformation, high-
grade Barrovian metamorphism, and local rnigitisation have obscured 
most of the internal stratigraphy. However, despite this, Nilsen 
(1978) describes the Gula Group in southern Trondelag as composed of 
a central core of calcareous quartz-biotite schists and gneisses, often 
interlayered with cab-silicate horizons and graphitic quartzites. 
This central Singsas Formation is flanked by zones of grey, commonly 
graphitic, biotite-phyllite, the Asli Formation in the east and the 
Undal Formation in the west. Olesen et al. (1973) report a similar 
distribution of lithologies in the area between Selbu and Tydal but 
refrain from suggesting any formational subdivisions. 
The Guda conglanerate (Wolff, 196 14), included in the Asli Forma-
tion by Nilsen (1978), outcrops in the valley of the River Stjora 
(Map 2) some 2-3 km west of the Gula/Furidsjo contact, and has been tra-
ced northwards as far as the Inna valley, where it occurs adjacent to 
this boundary (Dudek et al., 1973). Olesen et al. (1973) report a 
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conglomeratic zone in a similar position in the Selbu-Tydal area and 
suggest a correlation. The conglomerate is in general polymict, con-
taming quartzite, metabasic, and marble pebbles. Olesen et al. 
(1973) have recorded a similar conglomeratic lithology at Blomlia 
near the Gula/Storen contact. 
nphibo1ite horizons are common throughout the Gula Group, and 
are found at any position within it. 
The Gula Group has generally been accepted as being older than 
the flanking volcanics by reason of its higher metamorphic grade, and 
the evidence for age relationships within the adjacent Eastern and 
Western Trondelag successions. In general these suggest younging away 
from the Gula Group. 
At Nordaunevoll, in eastern Thondelag, a single exposure of black 
shale has yielded the Tremadocian graptolite Dictyonena flabelliforma 
(Vogt, J. H. L., 1889; Vogt, T., 1941; Stormer, 1941). The locality 
occurs some 300 m eastwards of the eastern limit of the Furidsjo Group 
(Maps 1 and 2) in an area included in the Gula Group by Rui (1972), 
but regarded by Wolff (1967b, 1976) as pert of the Sulamo Group. 
According to Rul (1972), the metavolcanics of the Fundsjo Group close 
to the Nordaunevoll locality are dninated by a blue-green hornblende 
and a sodium-rich plagioclase together with minor epidote, chlorite, 
carbonate, and biotite. This assemblage is typical of epidote-
amphibolite facies metamorphism (Miyashiro, 1968), and the preservation 
of graptolite remains in the adjacent black shales is therefore prob-
lematical. However, it will be suggested later in this chapter and in 
Chapter 3 that the boundary between the Fundsjo and Storen Groups and 
the higher units of the Thondelag successions represents a non-confor-
mity; the Gula, Storen and Fundsjo Groups having suffered earlier de-
formation and metamorphism. With this proviso, if the Nordaurievoll 
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locality is included in the Su.lamo Group, the problem of the high-grade 
Fundsjo volcariics no longer arises. Wolff's (19675, 1975) correlation 
is therefore favoured in this thesis, and consequently the Gula Group, 
together with the Fundsjo and Storen Groups is regarded as pre- 
endocian in age. 
There has been considerable argument in the literature as to the 
possible outcrop of the Gula Group at the base of the Trondheim Nappe 
in western Thondelag, and on the flanks of the Taiuras basenent win-
dow (Map 2). Wolff (1967b) identified the high-grade rocks outcropping 
on the shores of h'ondheimsfjord between Buvi.ka and Orkanger, and ex-
tending southwestwards towards Surnadal, as garnet-bearing mica schists. 
He considered them direct equivalents of the Gula Group and part of 
the Trondheim Nappe. Similar relationships are suggested for apparently 
identical rock-types separating the Storen rretavolcanics from the 
Lekstalsvann sediments (Springer-Peacey, 1964) exposed in the Torruiras 
basement window (Wolff, 1964, and in Springer-Peacy, 1964). With regard 
to the controversial rocks in Western Thondelag, Wolff (1976) subse-
quently preferred to regard them as high-grade equivalents of the Storen 
Group. These proposals are refuted by Gee (1977, 1978), who prefers to 
correlate these high-grade lithologies with the Seve Supergroup of the 
Seve-Koli Nappe Complex, on the basis of lithological similarity (both 
composition and metamorphic grade) and structural continuity. These 
possibilities have been investigated in the field and will be discussed 
in more detail in Chapter 3. 
2.2 Stratigraphy. 
2.2.1 	Stratigraphy of the Western Trondelag succession. 
Vogt (1945) established the stratigraphy of the Western Trondelag 
succession in the classical Holanda-Horg area (Table 2.1). The succession 
14 
lies in an isoclinal structure, the Horg Syncline and is dominated 
in its 1aer part by the basaltic iietavolcanics of the Storen Group, 
and in its upper part by the sediments and subordinate volcanics of 
the Hovin and Horg Groups. 
2.2.1.1 The Storen Group - The Stor'en Group is dominated by rrtabas-
altic greenstones, often displaying pillow structures, with lesser 
pyroclastics and acid volcanics. Cherts, limestones, and other inter-
calated sediments occur locally. Tronj emite and gabbroic intus ives 
are common and serpentinites have been reported (Gee, 1975b). 
Fossils have not been recorded from the Storen Group; its age is 
therefore inferred from fossil evidence in the adjacent Lower Hovin Group. 
Blake (1962) considered the Lower Xrokstad shale (Table 2.1) as being of 
middle Areriigian age on the basis of its graptolite fauna. Berry (1968) 
drew attention to the American affinities of this fauna and correlation 
elsewhere suggests a latest Arenig or lerrost Lianvirnian age (Dewey 
et al., 1970). Further, Newman and Brut (197) have described Lian-
virnian faunas from the Holanda limestone near the base of the Lower 
Hovin Group. The Storen must therefore be Arenigian or pre-Arenigian in 
age. Correlation with the Fundsj o Group in eastern Thondelag, however, 
suggests a pre-Tremadocian age. 
2.2.1.2 The Lager Hovin Group - The base of the Lower Hovin Group 
is dominated by boulder conglomerates which have been given various 
local names, for instance, the Stokvola and Venna conglomerates. 
Clasts are angular and appear to be derived from the Storen Group, 
being dominated by greenstones with lesser felsic volcanics, cherts 
and other sedilTerits. These boulder conglomerates pass upwards into 
pebbly horizons interspersed with finer volcanogen.ic sediments, them-
selves giving way to the parallel-bedded volcaniclastic turbidites of 
the lKrokstad Formation, which are intercalated with the fossiliferous 
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1974) previously mentioned. 
Higher in the Lower Hovin succession limestones, shales rhyolitic 
tuffs, and conglomerates occur. The Tonme shale marks the top of the 
Lower Hovin Group and has yielded the graptolites Dianogra2tus 
clingan.i and Pleurograptus linearis of Caradocian age (Vogt, 19 145; 
Sand, in Sand and Kulling, 1972, pp. 56). 
2.2.1.31 The Upper Hovin Group - The Upper Hovin Group consists of 
a basal po1ict conglomerate, referred to as the Volla conglomerate, 
which contains clasts of both Stcren and Precambrian basenent deriva-
tion. The conglomerates, locally overlain by rhyolitic volcanics, give 
way to the turbiditic greywackes of the Hovin sandstones. Fossils are 
unrecorded in the Upper Hovin Group, but a late Caradocian or younger 
age is inferred from those occurring in the underlying Lower Hovin Group 
(Vogt, 1945). 
2.2.1.4 The Hcrg Group - The Horg Group consists of a basal nearly 
monornict quartzite conglorrerate (the Lyngestein conglomerate) which 
passes upwards into the greywacke sandstones of the Sanda Formation. 
Fossil evidence is lacking but a Llandoverian age is inferred from 
faunas in the Lower Hovin Group (Vogt, 1945), and by correlation with 
the Slagan Group in eastern Trondelag (Chaloupsky and Fediuk, 1967; 
Siedlecka and Siedlecki, 1967; Wolff, 1967a). 
2.2.2 	Statigraphy of the Eastern Trondelag succession. 
The Eastern Thondelag succession has been established in its nor-
thern part by Chaloupsky and Fediuk (1967), Siedlecka (1967), and 
Siedlecka and Siedlec3d- (1967); and in its southern part by Rui (1972). 
The sequences are directly correlatable and will be described using the 
terminology of Chaloupsky and Fediuk (1967). A summary of the s'ati-
graphy, together with a suggested correlation with the Western Trondelag 
succession is shown in Table 2.1. 
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Fossil evidence in the Sulam (2,1) and Slagan Groups together 
with evidence of sedimentary structures, such as graded bedding, load 
casts, and snail-scale cross-bedding requires that this westerly dip-
ping sequence is inverted (Wolff , 1967a; Siedlecka, 1967; Chaloupsky 
and Fediak, 1967; and Rui, 1972). The oldest part of the succession 
is represented by the Fundsj o Group (Hersj o Formation - Rui , 1972) 
basic volcanics which give way to the sedirrnts and rare volcanics of 
the Sulam, lKjoThaugen, and Slagan Groups (lKjurundal and Saetersjo 
Formations, Roros Group, and Hunuelfj eli Formation respectively - Rui, 
1972). 
2.2.2.1 The Fundsj o Group - The Fundsjo Group consists of a suite 
of meta-volcanic rooks of generally basic character and locally with 
relict pillow structures. Keratophyric lithologies are conuon, but as 
these can often be traced into pyrociastic horizons they probably repre-
sent original tuffaceous lithologies (Oftedahl, 1967, 1968). The 
Fundsj o Group is believed to be older than Treiiadocian in age on the 
basis of the Dictyonerra-bearing black shales at the base of the Sulam 
Group (2.1). 
2.2.2.2 The SulamD Group - East of the Fundsjo Group, and s tructurally 
underlying it, the Sulam Group is dominated by grey-green phyllites 
and greywacke sandstones. Limestones and conglonErates are locally pre-
sent. A basal conglomerate, the Lille Fundsj o conglomerate serves to 
separate the two groups. According to Sturt (1975), this horizon is 
dominated by foliated clasts of Fundsj o Group rrtavolcanics; the foli-
ation is randomly orientated. The iulications of these observations 
will be discussed later in this chapter. The Dictyonena-bearing black 
shales, close to the contact with the Fundsj o Group at Nordaunevoll, have 
already been described (2.1), and a Therradocian and younger age is indi-
cated for this group. 
2.2.2.3 The Kjolhaugen Group - Siedlecka (1967) has described this 
unit in some detail. It lies structurally below the Sulam Group and 
consists of greywackes sandstones phyllites and minor conglomerates. 
The upper part of the Group is intruded by concordant IrEtagabbros. 
2.2.2.4 The Slagan Group - This unit is dominated by black phyl-
lites intercalated with greywacke sandstones and shales. The contact 
between this group and the Kj olhaugen Group is probably transitional 
(Siedlecka, 1967). Getz (1890) recorded the presence of Silurian grap-
tolites in the Slagan phyllites. Exairples of the species Monograptus 
and Rastrites have been identified (Kiaer, 1932) indicating a Liandoverian 
age. 
2.3 Metamorphism. 
In general the metamorphism of the Trondheim Mappe nay be described 
as decreasing syrrwrtrica1ly about the central parts of the Gula Group, 
where the higher grades of anhibo1ite fades metamorphism are attained, 
together with local inigrratisation. A suninary nap, compiled from the 
data presented belc, is given in Fig. 2.1. 
Gold schmidt's (1915) map of the southern and central parts of the 
Thondelag region, in which he delineated metamorphic zones based on the 
index minerals chlorite, biotite, and garnet, has yet to be superceded. 
These zones lie smetrically about a central region of calc-silicate 
bearing schists corresponding to the Singsas Formation defined by 
Nilsen (1978). Strand (1960) suggested that the chlorite zone corres-
ponds to greenschist fades metamorphism, the biotite and garnet zones 
to epidote-anphibolite fades, and the caic-silicate schists to a.lmen-
dine-asrphibolite facies. Amphibolite fades has thus been attained in 
the central parts of the Gula Group, but only upper epidote-anphibolite 
facies (garnet zone) on its flanks. The Storen and Ft.ridsjo Groups lie 
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Fig. 2.1 !,!etamorphic zonal nap of the Trondheim Naope. 
Data from: Goldschmjdt (1915); Strand (1960); Wolff (1960)
; 
Chaloupsky and Fedjuj< (1967); Siedlecka (1967); Roberts 
(1968); Dudek et al., (1973); Olesen et al., (1973); 
Guezou (1977). 
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dominantly in the lower epidote-amphibolite (biotite zone) or green-
schist fades. The Hovin and Horg Groups of the Western Trondelag 
succession, and the Sulam, Kj olhaugen, and Slagan Groups of the 
Eastern succession usually exhibit lower epidote-amphibolite or green-
schist fades netaircrphism. 
Olesen et al. (1973) have investigated the metamorphism of the 
Gula Group and adjacent units in the area between Selbu and Tydal in 
central Thondelag. They delineate a central sillimanite zone, in the 
interior of the Gula Group, flanked by syrmtrical staurolite-kyanite, 
garnet-hornblende, and biotite zones • The Storen and Fundsj o Groups 
lie in the biotite zones. On the basis of mineral assemblages and 
particularly on the direct replacement of kyanite by sillirrnite, they 
suggest that pressures of 7-8 kb and temperatures of 600_70000  were 
reached. 
In a study of the Gula Group in central ftondelag, Roberts (1968) 
pointed out that while in many planes hornblende is the sole porphyro-
blastic mineral, garnet, staurolite, and kyanite may also occur. Fur-
therncre, in a study of the Stj ora valley he reports the occurrence of 
a narrow sililirEnite bearing zone som 3 km to the west of the Gula/ 
Fundsj o contact. From the mineral assemblages he suggests derivation 
in the highest temperature sillimanite -almandine-orthoclase sub -fades 
of the almandine -arrphibolite fades. 
Ohaloupsky and Fediuk (1967) in a detailed study of the Eastern 
Thondelag succession in the Meraker area confirm the observations of 
Goldscbniidt (1915), and Strand (1960). They conclude that the succes-
sion has attained the quartz-albite-epidote-biotite sub-facies of the 
greenschist facies with a general decrease in grade eastwards. Siedlecka 
(1967) in a related study slightly to the south and east of that of 
Chaloupsky and Fediuk (1967) points to an increase in biotite and epidote 
21 
westwards towards the Fundsj o Group and suggests the possibility that 
this group has attained epidote-anphibolite fades. 
The rre -tarcrphism of the Gula Group between the Stjora and Inna 
Rivers has been described by Dudek et al. (1973). A central sihiman-
ite zone, up to 5 km across, and associated with local rnir.tisation, 
coincides with the central parts of the Gula Group, and is flanked by 
zones of lower rretarrcrphic grade. This pattern extends northwards into 
the valley of the River }-Ielgaa, as described by Wolff (1960). 
A review of the variation in metamorphism exhibited by the frond-
heim Nappe has been presented by Guezou (1977). 
2.4 Structure. 
The structure of what is now regarded as the Trondheim Nappe has 
been disputed by meny authors. A sunnrar'y of the various mDdels is 
presented in Fig. 2.2. 
Early descriptions of Trondelag geology were given by Keilhau 
(1850) and Kjerulf (1871) who considered that the rocks were folded in 
a large synclinal synform, the Gula Group forming the core and repre-
senting the youngest rocks (Fig. 2.2a). Kjerulf (1878) in a later pit-
Ii cation discussed the possibility that the system was inverted, the 
Gula schists thereby representing the oldest rocks in the core of an 
anticlinal synfonn (Fig. 2.2b). Svenonius (1885) retained the idea 
that the GuJa schists were the oldest rocks, but suggested, on the basis 
of observations in central Trondelag, that they had been squeezed up in 
the core of an antifoxl structure (Fig. 2.2c). Bugge (1910) in a 
study of the Rennebu area, rejected these views in favour of the earlier 
hypothesis that the Gula Group was the youngest stratigraphic unit, 
lying in the core of a synform. Wegrrnn (1925) in a refinement of 
lKj eruif' s (1878) model, considered the Gula as allochthonous on the 
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Gee and Zachrjssori, (1974) 
- 	Gee, (1975a, and b) 
Fig. 2.2 Previous interpretations of Trondelag structure. Unshaded - 
Gula Group; V - Storen and Fundsjo Groups; circles - higher units of 
the Eastern and Western Trondelag successions. 
volcanic Storen and Furid.sj o Groups (Fig. 2.2d). In a reversal of his 
earlier views, Bugge (1954) favoured the hypothesis initially sugges-
ted by Svenonius (1885) This model is essentially similar to those 
proposed by Wolff (1964) Roberts (1967), Roberts et al. (1970) and 
Olesen et al. (1973), who suggest that central Trondelag geology is 
dominated by an upright fan-shaped antiform cored by the Gula Group 
and flanked by recumbent folds of the younger volcanics and sediments. 
There are, however, problem in correlating this proposed struc-
ture from one area to another. For instance, Roberts (1967) and 
Roberts et al. (1970), basing their conclusions on observations in the 
Stj ora valley, regard this antifornal structure (referred to as the 
Stj ordalen kiticline) as a product of a first phase of deformation, 
and responsible for the development of the regional foliation. In 
contrast, Olesen et al. (1973), in their study of the Selbu-Tydal area, 
some 25 km to the south, described an earlier phase of isoclinal fold-
ing giving rise to the regional foliation. They suggest that subse-
quent deformation of this foliation lead to the development of the 
major antiforir.l structure, in this area known as the Se.lbu pritifonn. 
A refinerrent of the antiforme.l model has been provided by Gale 
and Roberts (1974), who propose a tectonic contact between the Gula 
Group and the Storen and Fundsjo Groups on the basis of the oceanic 
trace-element geochemistry of the Storen volcanics and the apparently 
rniogeosynclinal nature of the original Gula sediments. 
Robr-Torp (1972) made a detailed study of the Gula, Storen and 
Loser Hovin Groups in the area around Inset. From way-up evidence in 
the Hovin sediments ("cross1amination" and graded bedding) and in 
the Storen rretavolcanics (shapes of pillows), and their relationships 
to observed fold closures, he suggests that the easterly dipping sequence 
is characterised by a series of tight to isoclinal folds in which the 
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antiform young towards their cores. He regards this as song evi-
dence against the "ra1sbroom-shad" anti-form described above and 
favours a model S isnhlar to that of Kj erulf (1878) in which the entire 
Trondelag succession is inverted in an early recumbent isocline and 
subsequently refolded (Fig. 2.2b). 
The most recent interpretation of Trondelag structure is that 
suggested by Gee and Zachrisson (1974). This nDde.1 involves differ-
ent nappe units for the Eastern and Western Trondelag successions. 
The western succession occupies the nose of a typical recuntentfo1d 
riappe, the surface of decollennt being the contact between the Cula 
and Fi.ridsjo Groups. The model is illustrated in Fig. 2.2e. The evi-
dence presented for this interpretation is distinctly ambiguous and 
not convincing. Largely on the basis of a literature survey: "It is 
concluded that there are greater similarities between the Jairrtland-
Vasterbotten (Koli Supergroup) successions and those of the eastern 
part of Trondheimfaltet (Eastern Trondelag succession) than between 
the latter and the classical stratiaphy of the Holanda-Horg area 
(Western Trondelag succession)." The American affinities of faunas 
in the Western Trondelag succession are noted (Berry, 1968; Neuman and 
Bruton, 197) together with the dominantly Baltic affinities of fossil 
assemblages in the Otta serpentinite conglomerate (Jaanusson, 1973), 
outcropping to the south of the Trondheim Nappe as defined by Wolff 
(1967a). An earlier correlation of this conglomerate with the serpen-
tinite conglomerates of the Swedish IKoli is also mentioned (Kulling, 
in Gavelin and Kulling, 1955). The Baltic affinities of the Ot -ta con-
glomerate are suggested as further evidence for not correlating the 
Eastern Trondelag succession with that of western Thonde lag. The argu-
ment is circular, involving both the proposed correlation of the Swedish 
Koli with the Eastern Trondelag succession, and its correlation with the 
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Otta conglomerate. The hypothesis therefore rests solely on a litho-
logica' correlation based largely on examination of the literature. 
A slightly modified version of this hypothesis has been presented sub-
sequently by Gee (1975a). 
A number of later structures have affected the rocks of the 
Trondheim Nappe together with the underlying nappes of the Eastern and 
Western Complexes (Roberts et al., 1970; Gee, 1975a). Among -them are 
the Tomneras Antiform and the Snasavatn Siform to the west, and the 
Sylarna Antiform and the Helags-Tanfors Synfonn to the east (Map 1). 
In southern Thondelag, an open sform, kncn as the Singsas Synform 
(Nilsen, 1978), or the Trondelag Synform (Gee, 1975a), has been recog-
nised. All of these structures are late-stage folds influencing both 
the Eastern and Western Conlexes together. They therefore developed 
after the elacernent of the nappes. 
The structural history of the Thondheim Nappe has been investiga-
ted in northern Thondelag by Roberts et al. (1970); in the SeThu-'da1 
area of central Trondelag by Olesen et al. (1973); and in the Dorrbas-
Lesj a area of southern Thondelag by Guezou (1978). As with the raj or 
structures, problem arise when correlations of minor structures are 
attempted from one area to another. A tentative correlation of the 
various descriptions of minor structures will be presented in Chapter 
3, in the light of the present study. 
2.5 Timing of Orogenic Lforntion and Metancrphisin. 
Most authors are agreed that sonE early deforntion took place 
before the peak of regional rretarrrphism (Roberts, 1967; Roberts et al.., 
1970; Olesen et al., 1973; Gee, 1975a). Subsequent major refolding was 
probably related to nappe translation. 
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Wilson et al (1973), on the basis of K-Ar ages of matairorphic 
minerals and whole rocks (phyllites) from the Stj ora valley, propose 
a minimum age for the regional metamorphism. of 438 ± 12 my, regarding 
ages in excess of this value as anomalous. In an extension of this 
study into Sweden, Gee and Wilson (1974) suggest that this Silurian 
event was responsible for the main orogenic deformation in the greater 
port of the Scandinavian Caledonides. L'i support of this they appeal 
to the lack of evidence for a major unconformity within the Lower 
Palaeozoic sequence of the Scandinavian Caledonides * However, on the 
island of Soroy in northern Norway, Pringle and Stiat (1969) had drawn 
attention to a Rb-Sr isochron on an anatectic vein associated with 
the syntectonic Hasvik gabbro The age of 530 ± 35 my indicated that 
this area (the Kalak Nappe) was affected by an early orogenic event 
approximating in time to the Granpian event in Scotland (Dewey and 
PanJthurst, 1970). This possibility was extended by Sturt et al. (1975) 
who demonstrated that the internal matanrphic fabrics of the main 
nappe sequence of Finnmark developed during an early Ordovician phase 
of deformation. The final emplacement of the thrust-nappe sequence, 
however, belongs to a later phase of Caledonian orogenic development, 
probably in the Upper Silurian. In addition Sturt and Thon (1976) 
in a discussion of Gee and Wilson (1974), describe a major unconform-
ity in the Bergen Arc System between the Moberg conglomerate, and its 
overlying Ashgillian limestones (Kolderup and Kolderup, 1940), and 
the underlying rretavolcanics. They suggest at least two major phases 
of folding associated with upper eenschist or a:Lmandine-anphibolite 
facies metamorphism prior to the deposition of the conglomerate, and 
conclude that at least two phases of orogenic development occurred 
within the Caledonides of western Norway. A correlation of the Moberg 
conglomerate with Lower Hovin and Sularro Group conglomerates is 
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suggested (after Vogt 1945) together with a tentative correlation 
of the pre-Ashgillian orogenic event with the Grampian event in 
Scotland. 
The early orogenic development has now become established in 
the literature as the Finnnrkian phase and accepted as affecting the 
Finnnrk nappe sequence and the Bergen Arc system (Sturt, 1978; Sttwt 
and Roberts, 1978). Sturt and Roberts (1978) suggest on the basis of 
Rb-Sr isochrons that this event may extend back as far as the Lower 
Cambrian (552 my). 
Sturt (1975) has tentatively proposed that this early orogenic 
phase might be extended to include the lcwer part of the Trondheim 
Nappe. He notes, firstly, the opinions of Vogt (1928; 1945) and Stand 
(1960) that the conglomerates at the base of the Lower Hovin Group 
represent a major stratiaphic break, named by Sand (1960) the 
Trondheim disturbance. He then recalls Spjeldnes 1 (in Sturt et al., 
196 7) suggestion that abundant detrital fragments of hornblende in 
the Caradocian iKaistad limestone (Lower Hovin Group - Sand, in Strand 
and Kulling, 1972, page 56) were derived from a previously metamorph-
osed Storen Group. Further convincing evidence is provided by the 
Lille Fidsjo conglomerate (Table 2.1) which he believes is dominated 
by foliated fragments of Fidsjo volcanics in which the foliation has 
random orientation. He concludes that the Fundsj o Group had undergone 
deformation, rretanrphism, and considerable erosion prior to the depo-
sition of the Lille Fundsjo conglorrerate. The argument is developed 
further by consideration of the 1K-Ar mineral ages obtained by Wilson 
et al. (1973). A number of dates in excess of 450 my were obtained 
but were dismissed as being due to excess argon contained in the min-
erals concerned. Sturt, however, points out that these "anomalous" 
ages represent hornblendes from the Gula, Storen, and Findsj 0 Groups. 
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He concludes that these dates represent blocking temperature ages for 
a Cambro-Ordovician orogeny which in the Trondelag region affected 
only the Gula, Storen, and Funds o Groups.  
In a study of the Dornbas-Lsj a area, Guezou (19 78) states: 
"The Trondheim Nappe rocks were subjected to five tectonic 
episodes in the Stakahoi Group (Gula Group), but only four in the 
other groups." 
Although he has not recognised the earliest deformation in the Storen 
or Fundsjo Groups, this does, however, lend further credence to Sturt' S 
(1975) proposals for an extension of the early Canibro-Ordovician oro-
genic event into the onde1ag region. 
2.6 Summary. 
The review presented above illustrates that the various interpre-
tations of the regional geology of the Trcndheim Nappe depend on the 
related problem of strati graphic correlation, interpretation of the 
major structures, and timing of the orogenic deformation and metamor-
phism. 
Most authors regard the Eastern Trondelag succession as directly 
equivalent to the Western ondelag succession. Gee and Zachrisson 
(19714), however, prefer a correlation of the Eastern Trondelag succes-
sion with the Koli successions of lower tectonic level. 
The internal structure of the Thondheim Nappe has been variously 
interpreted as being synfornal (e.g. Rohr-Torp, 1972); antifornl (e.g. 
Wolff, 1964; Roberts, 1967; Roberts et al., 1970; Olesen et al., 1973); 
or as being the wedge-shaped nose of a recumbent fold -nappe (Gee and 
Zachrisson, 197 14; Gee, 1975a). 
The age of orogenic deformation and rretalrDrphism in Thondelag has 
generally been accepted as being rnid-Silurian and synchronous with nappe 
emplacement. However, Sturt (1975) has presented very strong arguments 
in favour of the Gula, Storen, and Fundsj o Groups having suffered a 
Canbro-Ordovician orogenic episode, probably related to the Granpian 
of Scotland ,and the Finrinrkian of northern and southwes -ten-i Norway. 
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THE GEOLOGY OF THE IRONDHE]}I NAPPE - A CONTRIBUTION 
The regional geology of the Trondheim Nappe has been the subject 
of long and intensive investigation (Chapter 2). The stratiaphies 
of the Eastern and Western Thondelag successions have been well estab-
lished and are generally accepted throughout their areas of outcrop. 
In contrast, the majority of structural models are based on detailed 
studies of relatively small areas. Fundamental differences of inter-
pretation have thus evolved. For instance, of the models illustrated 
in Fig. 2.2, many of those advocating the antiforrr.l structure 
(Svenonius, 1885; Wolff, 196 14; Roberts, 1967; Roberts et al., 1970; 
Olesen et al., 1973) are based on studies in central Thondelag, while 
those favouring the synforrral structure are cnonly the result of 
studies in southern Trondelag (KeiThau, 1850; Bugge, 1912; Rohr-Torp, 
1972). The problems encountered in the correlation of both major and 
minor structures between adjacent areas of central Trondelag (Roberts 
et al., 1970; Olesen et al., 1973) have also been mentioned. 
The possibility of a more consistent regional structure within the 
Trondheim Nappe has been investigated by the examination of five trav-
erses across the Gula Group, and adjacent units. Each traverse follows 
a major NW-SE trending river valley after which it has been named. 
Map 2 indicates the locations of the traverses, which are, from north 
to south: 
 the Helgaadalen traverse; 
 the Innd.alen traverse; 
 the Stj ordalen traverse; 
 the Gauldalen traverse; and 
 the Orkiadalen traverse. 
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The traverses mapped are largely restricted to the Gala, Storen, 
and Fundsjo Groups. Consequently, corrunent on the lithostatiaphic 
correlation of the Eastern and Western Thondelag successions is based 
on more general considerations of the regional geology. Some details 
regarding the internal statiaphy of the Gala Group, and its possible 
outcrop in the Taruneras area and in western Trondelag are presented. 
The structure of the Gala Group and the implications to the structure 
of the Trondheim Nappe are then discussed. 
3.1 Stratiaphy 
3.1.1 	The Eastern and Western Thondelag successions. 
The structural models outlined in Chapter 2, with one exception, 
assume a correlation of the Eastern and Western Thondelag successions. 
The interpretation of Gee and Zachrisson (1974), however, is based on 
a stratiaphic correlation of the Eastern Trondelag succession with 
the Koli Supergroup of Sweden, and requires that the contact between 
the Gula and Fundsjo Groups is of major tectonic importance. The rather 
dubious bases for these arguments have been discussed in Chapter 2. 
While this interpretation may be "in keeping with the nappe geometry 
further east in the Geotraverse" (Gee, 1975), it cannot be considered 
consistent with the geology of the Thondelag region. 
Table 3.1 (Columns A, B, and C) illustrates the strati'aphic 
interpretation preferred by Gee and Zachrisson (1974). A correlation 
of the Eastern Thondelag succession with the Silurian sequences of 
central-southern Vasterbotten and northern Jamt land (Zachrisson, 1964, 
1969, 1971) is indicated. Inherent in this proposal is the requirement 
that the Eastern Trondelag succession youngs from the Slagan Group to-
wards the Fundsjo Group, which is in direct conflict with the field 
based conclusions of other workers (Chaloupsky and Fediuk, 1967; 
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Siedlecka, 1967; Wolff, 1967a; Rui, 1972). Furthermore, the inclusion 
of the Dictyoneiia-bearing black shales at Nordaunevoll in the Sulamo 
Group, as suggested in Chapter 2, is not compatible with this hypothesis. 
The structure proposed by Gee arid Zachrisson (1974) involves a 
simple eastward-facing recumbent isocline. However, the established 
youriging directions in the Western Thondelag succession (to the west 
away from the Gula Group - Vogt, 1945) suggest that this isocline, if 
present, must represent the lower part of a larger westward facing 
structure. Such a geometry is not easily reconciled with the westerly 
derivation of the Trondheim Nappe, as indicated by the American affin-
ities of faunal assemblages in the Western Thondelag succession (Berry, 
1968; Neuman and Bruton, 1974). Moreover, this interpretation fails to 
explain the structural observations of Rohr-Torp (1972) at Innset 
(Chapter 2), or the metamorphic zonation of the Thondheim Nappe around 
the central parts of the Gula Group. 
For these reasons, the more widely held correlation of the Eastern 
Trondelag succession with the Western Thondelag succession is accepted 
in this thesis. 
3.1.2 	The Gula Group. 
Nilsen (1978) has drawn attention to a broad zonal pattern of litho-
logical distribution within the Gula Group of southern Trondelag. He 
describes a central zone of quartz-biotite schists with intercalated 
calc-silicate horizons and graphitic quartzites (the Singsas Formation), 
flanked by zones of grey, blot ite phyllites (the Undal Formation in the 
west and the Asli Formation in the east). Observations in the northern 
part of Trondelag indicate that the Undal Formation pinches out between 
the Selbu-Tydal area (Olesen et al., 1973) and the Stjordalen traverse 
(Maps 1 and 2). The Asli Formation continues further northwards to 
pinch out between Inndalen and Helgaadalen (Maps 1 and 2). 
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The Gud4 con1omarate lying within the AsU Formation and repor-
ted from Inndalen southwards to the Dovre area (Dudek et al.., 1973; 
Wolff, 195 14; Olesen et al., 1973; Pinna, 1973) provides an easily re-
cognisable stratigraphic marker horizon. From the Undal Forntion, 
similar conglomeratic lithologies have been recorded at Blomlia in 
central Trondelag (Olesen et al., 1973), and in the Folidal area 
(Nilsen, 1978). The present study has revealed the occurrence of 
analogous horizons in the Und.al Formation on the Gauldalen and Orkla-
dalen traverses. In Gauldalen, the conglomerates are monomict, con-
taining only elongate fragments of quartzites and may represent intra-
forrrtiona1 breccias. On the Orkiadalen traverse, however, fragments 
of matavolcanics commonly occur amongst those of quartzite and there 
is no doubt that the litho1or represents an original polyrnict conglo-
merate. 
The overall similarity of the Undal and Asli Formations is notable. 
They are dominated by grey, biotite phyllites and are commonly associa-
ted with conglomeratic lithologies. A correlation of the two units 
across the central Singsas Formation must therefore be considered. 
3.2 Regional Outcrop Distribution Of The Gula Group. 
The controversy surrounding the possible outcrop of the Gula Group 
at the base of the Trondheim Nappe, in western Thondelag, and on the 
flanks of the Tonuneras Ant iform has been mentioned in Chapter 2. Wolff 
(1964 5  1967b, and in Springer-Peacy, 196 14) considers the high-grade 
rocks outcropping in these positions as direct equivalents of the Gula 
Group; while Gee (1977, 1978) and Andreasson et al. (1978) prefer cor-
relation with the Seve Supergroup of the Seve-IKohi Nappe Complex. 
In a reconnaissance of the Tonmeras Antifonn, Springer-Peacey (1964) 
defined the general regional distribution of the main rock units as 
follows (from the core outwards): 
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 the Tonineras Group - largely rhyolitic basement; 
 the Lower L,ekstalsvann Group - calcareous sandstones; 
 the Upper Leksta.lsvann Group - felspathic sandstones; 
 the Lower Snasa Group - dominantly amphibolite facies meta- 
basics; and 
 the Upper Snasa Group - dominantly greenschist facies meta- 
basics. 
Wolff (1964, 1967b, and in Springer-Peacey, 1964) interprets the 
Torrmeras Group as autochthonous basement, and the Lekstalsvann and 
Lower Snasa Groups as correlatives of the Gu.la Group, giving way east-
wards to the Storen Group (Upper Snasa Group) and Gula Group proper 
(Fig. 3.1). 
Gee (197) correlated the Leksdalsvann Group with the sediments of 
the Jamtland Supergroup and proposed that they were allochthonous on 
the underlying basement (the parautochthon). He considered them as 
representing the Offerdal Nappe. The overlying Lower Snasa Group meta-
basics were consigned to the Gula Group (Gee, 1975a), with a major tec-
tonic discontinuity (the base of the Trondheim Nappe) separating them 
from the underlying sediments of lower metamorphic grade. Gee (1977) 
further subdivided the Lekstalsvann Groups on the basis of doleritic 
intrusives observed in the upper unit and correlated with the Ottfjallet 
dolerites of the Sarv Nappe. The boundary between the Lower and Upper 
Lakstalsvann Groups was suggested as the contact between the Offerdal 
and Sarv Nappes. The Lower Snasa Group, dominated by amphibolite facies 
metabasics, was correlated with the Seve Supergroup of the Seve-Koli 
Nappe Complex, while the greenschist fades metabasics of the Upper Snasa 
Group can be followed along strike into the Storeri Group of central and 
southern Thondelag. Gee (1977) based these conclusions on Springer-
Peaceyts (196) reconnaissance map. Subsequent field investigations, 
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Fig. 3.1 	Geology of the eastern flanks of the To=-eras 
Antiform after Wolff (1964, 1967b, and in Springer-Peacey, 
19614). 
1 - Hovin Group and eastern correlatives; 2 - Storen and 
Fundsj o Groups; 3 - Gula Group; 14 - Slagan Group; 
c - conglomeratic lithologies. 
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Fig. 3 • 2 	Geology of the Toriineras Antifarm after Andreass on et al. 
(1978). 
Area outlined indicates area included in Fig. 3.3. 
concentrated to six profiles across the Leksta.lsvanri Group (Andreas son, 
1978) have resulted in modifications to Gee's (1977) map, such that 
contacts no longer coincide with those of Springer-Peacey (1964). The 
most recent compilation of the geology of the Tiuneras Antiform is 
that presented by Andreasson et al. (1978) and is shown in Fig. 32. 
These various interpretations have been investigated by extending 
the Helgaadalen traverse eastwards into the flanks of the Toirmeras 
Antiform. The area examined is shown in Fig. 3.3. 
Sections from the Upper Snasa Group downwards through the Lower 
Snasa and bekstalsvann Groups to the Truieras Group (Springer-Peacey, 
1964) are exposed in stream sections running northwards from Ulvilla 
to lKjesbuvatnet, and from Vollen to Saeter. The Upper bekstalsvann 
Group is well exposed along the eastern shores of Kjesbuvatnet. The 
absence of dolerite intrusives, both here and on the Vollen section, 
support the correlation of this unit, together with the Lower Lekstalsvann 
Group, with the Off erdal Nappe as suggested by Andreas son et al. (1978). 
The overlying Lower Snasa Group is dominated by garnet amphibolite, 
in which the garnets commonly exceed 0.5 cm in diameter, with lesser 
garnet-mica schist. Amphibolitic horizons within the Gula Group are 
commonly garnetiferous, but this characteristic is always restricted 
to a narrow metasontic reaction zone between the amphibolite and the 
surrounding country-rock schists (Nilsen and Mukherjee, 1972). The 
garnet-amphibolites on the Ulvilla and Vollen stream sections have no 
counterpart in the Gula Group, and Gee's (1977) correlation with the 
Seve Supergroup of the Seve-Koli Nappe Complex is therefore accepted. 
Towards the contact with the Upper Lekstalsvann Group the arrhibo1ites 
grade into a chlorite-rich phyllonitic rock, a feature mirrored by an 
increasingly narrow-spaced fracture cleavage in the Lekstalsvann sedi-
ments. The contact (Fig. 3.4) is tectonic, and marks the base of the 
Seve-Koli Nappe Complex. 
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2 3 4 5 
Fig. 3.3 A geological map of the Ulvilla - Vollen area (modified 
from Andreasson et al., 1978). 
1 - Tommeras Group - basement. 
2 - Lekstalsvann Group - Offerdal Nappe (Andreasson et al.,1978). 
3 - Lower Snasa Group - Seve—Koli NaDpe Complex (Andreasson et al., 1978). 
4 - Gula Group 
5 - Upper Snasa Group (Storen Group) 	
Trondheim Nappe. 
Contacts as on 1 7ap, 1. 
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Fig. 3.4 Contact between the Lekstalsvann Group (Offerdal 
Nappe - Andreas son et al., 1978) and the overlying Iwer 
asa Group (Seve-Koli Nappe Complex - Andreasson et al., 
1978). 
Note narrow spaced fracture cleavage in Lekstalsvann 
sediments (bottom), and phyllonitic texture of Seve 
amphibolites (top). 
Contact marked by hammer head. 
Fig. 3.5 A D isoclinal fold closure at Graho. 
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Two distinctive lithologies are poorly exposed in a narrow zone 
running between Ulvilla and Volleri - These rock-types, which give way 
eastwards to the massive greenschist facies metavolcanics of the Upper 
Snasa Group (Storen Group) are best observed on the two streams sec-
tions and on the road between the two villages. The exposure is domin-
ated by a parallel-banded cab-silicate gneiss interlayered with more 
pelitic and psarrmitic lithobogies. At one exposure (Mapsheet Vuku; 
coord: 3 2VPR3 86778) a graphite-bearing quartzite was noted. The calc-
silicate gneiss and the graphitic quartzite are characteristic of the 
Singsas Formation and may be observed frequently further east on the 
Helgaadalen traverse within the main outcrop of the Gula Group. Fur-
thermore, graphitic lithobogies are unkncwri in the Seve Supergroup 
(Gee, pers. comm., 1978). 
A correlation of these lithobogies with the Gula Group is there-
fore suggested as shown in Fig. 3.3. Their contact with theunderly-
ing ainphibolities (unexposed in the area investigated) is considered 
the base of the Trondheim Nappe. 
In western Thondelag the high-grade rocks outcropping on the shores 
of the Thond.heimsfjord, between Buvika and Orkanger, and extending 
southwards towards Surnadal have been identified by Wolff (1967b) as 
Gula Group mica schists. Subsequently, Wolff (1976) revised this opin-
ion and regarded these lithologies as high-grade equivalents of the 
Storeri Group. Gee (1978), extrapolating from his conclusions in the 
Tornmeras area (Gee, 1977), prefers correlation with the Seve Supergroup. 
These rocks have been examined on the road and coastal section between 
Buvika and Borsa, in which the various lithobogies are well exposed. 
At Borsa, and eastwards towards Buvika, the dominant lithoboi is 
a garnet amphibolite similar to that exposed on the flanks of the 
Tonineras Antifon-n. The amphibolite is commonly retrogressed and rich 
1 
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in chlorite. Rare horizons of garnet-mica sch.ist also occur. Approach-
ing Buviia the lithology rr.y be either a finely-laminated garnet arrhi-
bolite or an extremely phyllonitic, dark green chlorite schist. Approx-
imately 500 m west of Euvika (Map sheet Orkanger; coord; 32VNR581212) a 
black graphite-bearing phyllite occurs in two isolated roadside exposures. 
The next exposure, some 2 km eastwards of this point, is of typical 
greenschis-t-facie s Storen rrtavolcanics. 
The sequence described above is remarkably similar to that observed 
in the Tam-eras wind, and similar correlations are proposed (Nap 1). 
In this case the Gula Group is represented by a graphitic phyllite typi-
cal of the Undal Formation outcropping further to the east on the 
uldalen traverse. The unexposed contact between the garnetiferous 
Seve aniphibolite and the Gula phyllite is regarded as the base of the 
Trondheim Nappe as in Tommeras. 
Limited observations around Lkken reveal that in this area Storen 
greens tones are thrust directly against Seve amphibolites, while Krill 
(pers. comm., 1978) has found similar relationships between the Seve 
and the Hovin Group in the area extending southwards from Oppdal. It 
may be concluded that, in southern Tondelag, the Gula and Storen Groups 
become successively thrust out against the Seve anhibolites along the 
base of the Trondheim Nappe (Map 1). 
The recognition that the Gula Group outcrops in western Trondelag, 
and in the Twrras winda., has implications to the regional structure 
of the Trondheim Nappe, which is discussed in a later section. 
3.3 Structure. 
Structural observations have been largely restricted to the main 
outcrop of the Gula Group. The most obvious structure in this unit is 
the regional foliation which varies from a closely-spaced penetrative 
schistosi-ty in pelitic lithologies to a widely-spaced fracture clea-
vate in more psarrunitic horizons. It has a variable orientation which 
will be discussed further in the context of the regional structure. 
3.3.1 	Mesoscopic structures. 
The earliest recognisable rrsoscopic folds are isoclinal and vary 
in style according to the associated rock-type. In dominantly psarrm-
itic lithologies they are represented by rounded fold closures which 
often dominate whole exposures (Fig. 3.5). In pelitic partings two 
foliations are commonly recognised on the hinge zone, the first paral-
lel to the compositional banding and a second crenulation foliation 
axial-planar to the associated fold. In more pelitic lithologies these 
early isoclines are extremely attenuated and are commonly only recog-
nised as isolated fold hinges of early quartz segregations. In such 
cases it is not possible to recognise the axial-plane foliation as a 
crenulation of an earlier structure. The axial direction of these 
isoclines is variable, as a result of later deformation, and is cornrrcnly 
paralleled by a marked linear structure (Fig. 3.6). This lineation is 
most commonly defined by a prominent quartz-rodding, but a preferred 
orientation of porphyroblas tic minerals including amphibole, kyanite, 
and silliirnite may also be responsible (Roberts, 1968; Olesen et al., 
1973). Structures of this generation are designated D 1 , while the 
earlier foliation, which may represent an original sedimentary struc-
ture or an earlier phase of deformation, is assigned to D 0 . 
A small number of exposures illustrate that at least one, and 
possibly two, later phases of folding share the regional foliation. 
Such an exposure is shown in Fig. 3.7. In this example a thick quartz 
vein truncates isocline closures of finer quartz segregations, is itself 
isoclinally folded, and is cut by a Trondhjemite dyke. The regional 
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Fig. 3.6 Stereographic projections of D 1 fold hinges and assoc-
iated linear structures (Schmidt net, lower hemisphere). 
Fig. 3.7 	Three (?) phases of isoclinal (?) folding 
affecting the Gula schists - Ckladalen traverse. The 
D3 7 foliation is always present at the margins of the 
dyke on the right-hand side of the field of view. 






veins and extends for a few centimetres into the margins of the 
Thondhjemite dyke. Although the evidence for three distinct fold 
episodes is not unambiguous the extreme deformation of the quartz 
veins relative to that displayed by the dyke strongly suggests this 
possibility (Rickard, pars. comm., 1976; Gee pers. comm., 1978). 
If present, the third phase is probably isoclinal as no other fold 
style has been observed axial planar to the regional foliation. The 
later generations of isoclinal folds are tentatively designated D 2 and 
D3 , and where recorded, invariably have an axial direction varying from 
N-S to NE-SW. 
Isoclines are commonly refolded by later (D), usually upright 
folds, with flat-lying approximately N-S hinge directions. The folds 
are diverse in style from open to tight and in politic lithologies the 
binge zone may be marked by an axial-plane crenulation cleavage. The 
intensity of D4 deformation varies from area to area. For instance, 
at Gardsj oen, on the Orkladalen traverse, D 1 folds are frequent and 
commonly tight in style, while further east on the same traverse the 
area around &aho is characterised by rare undulations of earlier struc-
tures. 
A suite of upright, N-S trending kink bands has been recorded and 
probably represents the final episode of deformation. A tentative cor-
relation of the sequential development of minor structures suggested in 
this study with previous assessments is presented in Table 3.2. 
In the Storen and Fundsjo Groups isoclinal fold closures are only 
rarely observed. However, a foliation paralleling the bedding in the 
intercalated sediments is always present. In chart horizons chevron-
style D 1 folds are commonly well developed. 
Limited observations in the Hovin Group on the Stj ordalen and 
Orkladalen traverses indicate that this unit has been isoclinafly folded. 
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Roberts et al. 
(1970) 
Olesen et al. 
(1973) 
Do F1 






D14 F F3 SeThu-Ta1 
D5 F5 F Kink bands 
Uncertain age relationships lead Olesen et al. (1973) to name fold phases 
after localities rather than chronologically. 
TABLE 3.2 	A tentative correlation of various assessments of the sequential 
development of minor structures in the Gula Group. 
res 
Between Innset and Navera.l the Hovin greyackes are intruded by a 
suite of Trondhjeinite dykes one of which truncates an isocline clo-
sure in the sediments. Other dykes are thenelves isoclinally folded. 
Assuming one phase of Thondhjernite intrusion, two episodes of isoclin-
al folding are indicated. A foliation, axial planar to isocline hinges 
and generally parallel to bedding, is cormionly present. 
3.3.2 	Metamorphism and its relationship to deformation. 
The high-grade metamorphism exhibited by the central parts of the 
Gula Group is related to D as evidenced by the lineation of high-grade 
minerals, such as kyanite and sillimen.ite, parallel to D fold axes 
(Olesen et al., 1973; Roberts, 1968). The zonation of metamorphic 
grade within the Trondheim Nappe illustrated in Fig. 2.1, suggests a 
subsequent deformation of this early metamorphism (it will be concluded 
in Chapter 4 that this zonation is real and not a consequence of any 
retrogressive effect). 
Evidence (Sturt, 1975) suggesting an early orogenic development 
affecting the Gula, Storen, and Fundsj o Groups, and preceeding the 
deposition of the overlying, dominantly sedimentary sequences, has been 
presented in Chapter 2. Support for this proposal is provided by the 
occurrence of graptolite remains within 300 m of epidote-arrhibolite 
facies Fundsj o rretavolcanics at Nordaunevoll (Vogt, J. H. L., 1889; 
Vogt, T., 1941; Stormer, 1941). The graptolite-bearing lithologies 
have been assigned to the Sulam Group, and a major non-conformity, 
separating them from the higher-grade metavolcanics, has been suggested 
(Chapter 2). 
The early orogenic development will hereafter be referred to as 
the Trondheim Orogeny, and a tentative correlation with the Firuimerkian 
Orogeny of northern Norway, and the Grampian Orogeny of Scotland suggested. 
The timing of this deformation is restricted by: a) the Trerradocian 
Dictyonerra-bearing shales at Nordaunevoll, regarded here as occurring 
at the base of the Sulam Group, and b) the late Arenig or lciieniost 
Lianvirnian graptolites described from the base of the Lower 1-lovin 
Group (Berry, 1968). Sturt (19 75) pointed out that the maximum 
"anoiralous" hornblende age obtained by Wilson et al. (1973) from the 
Gula, Storen, and Fundsj o Groups, is consistent with the lowermost 
Lin-Lit suggested for the Finnrrrkian Orogeny by Sturt et a...L (1978) - 
572 and 552 my respectively. 
It will be shown below that subsequent deformation (D 2 -D5 ) was 
associated with the lower-grade rretanorpbism observed in the higher 
units of the Eastern and Western Trondelag successions. The rretanorph-
ism decreases in grade from epidote-arrhibolite fades (garnet-grade), 
in parts of the Eastern Trondelag succession, to greenschist fades 
(chlorite-grade) in the Western Trondelag succession (Fig. 2.1). This 
no-in Scandinavian Orogeny (Sturt and Roberts, 1978) must be post-
Liandoverian, as dictated by the graptolite assemblage of the Slagan 
Group in eastern Trondelag (}Kiaer, 1932). However, as Devonian depo-
sits east of Roros are tectbnised (Roberts, 1974) the latest Caledonian 
deformation affecting the Trondheim Nappe was probably Mid-Upper 
Devonian in age. The K-Ar ages considered as non "anomalous" by 
Wilson et al. (1973) range from 20-380 my and are consistent with 
these arguments. 
3.3.3 	Regional structure. 
Any regionally consistent interpretation of the internal structure 
of the Trondheim Nappe must account for: 
the regional outcrop distribution of the various strati-
graphic units; 
the variation in orientation of the regional foliation; 
the direction of younging in the Eastern and Western 
Trondela.g successions; 
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the rretancrphic zonation about the central parts of the 
GulaGroup; and 
the sequence of tight to isoclinal folds, in which the 
anti-forms yo'iig towards their cores, described by Rohr-
Tarp (1972) from the Irinset area on the western end of 
the Orkiadalen traverse (Chapter 2). 
Previous interpretations have been reviewed in Chapter 2 (Fig. 
2.2). With the exception of that of Gee and Zacbrisson (1974) they 
depend to a large extent on the orientation of the regional foliation. 
Observations on the Helgaadalen and Inndalen traverses reveal 
that the foliation splays in a simple fashion from an easterly dip in 
the west, through the vertical, to a westerly dip in the east. On 
the Stj ordalen traverse a slightly more complicated pattern is appa-
rent, although a general splaying of the foliation through the verti-
cal is still apparent (Fig. 3.8a). 
The variations in the orientation of the foliation observed on 
the Gauldalen and Ck1adalen traverses are almost identical, but differ 
markedly from those observed to the north. Fig. 3.8b illustrates the 
orientation of the foliation on the Gauldalen traverse. Moving east-
wards from Volla, in the core of the Horg Syncline, the foliation flat-
tens into a broad synfonr in the central parts of the Gula Group, and 
then rotates rapidly through 1800  to a westerly dip as the Gula./Fundsj o 
boundary is approached. 
These observations suggest an explanation for the contrasting 
antiforrrel and synfarnal interpretations which have evolved in northern 
and central Thondelag, and in southern Thondelag respectively. A fan 
shaped antif arm is consistent with the splaying foliation on the three 
northerly traverses, while the pattern displayed on the Gauldalen and 
kladalen traverses accounts for the broad synform favoured by workers 
in southern Thonde lag. 
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The apparently conflicting evidence described above can be recon-
ciled by the interpretation superimposed on Fig. 3.8 a and b. It is 
suggested that the orientation of the foliation is controlled by a 
single recumbent isoclinal fold closure, together with an undulation 
of the associated axial plane superimposed by later folding. On the 
Gauldalen traverse, the fold closure can be traced westwards from the 
central parts of the Gula Group into the Horg Syncline (at Volla, Fig. 
3.8b). This involvement of the higher stratiaphic units of the 
Western Thordelag succession demands that the structure does not re-
late to D1 minor structures (confined to the Gula, Storen, and Fundsjo 
Groups), while correlation of the Eastern and Western Thondelag succes-
sions demands that it is post-D2 . A correlation of the major structure 
with D 3 minor structures is therefore favoured. The later, upright fold-
ing is probably related to D minor structures, and is correlated with 
the regional late-stage folding of the Eastern and Western Complexes 
described in Chapter 2. Emplacement of the Trondheim Nappe must there-
fore have taken place during or after D 3 , but before D 1 . The three 
regional D 1 structures, recognised on the traverses investigated, are 
here referred to as the Gard.sjoen and Singsas Synfs and the Grotli 
Antifonn, and are shown, together with other D structures, on Map 1. 
Geological cross-sections, based on field observations and publi-
shed maps (Wolff, 1967b, 1976; Gee, 1975a, 1978), have been constructed 
for each of the traverses investigated, and are presented in Fig. 3.9. 
D3 and D axial planes are indicated together with a possible position 
for the regional D2 axial plane. 
The model demonstrated in Figs. 3.8 and 3.9 satisfies all of the 
restrictions on interpretation imposed by the structural, stratigraphic, 
and metamorphic features outlined at the beginning of this section. 
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Fig. 3.9 	Geological cross-sections through the Trondheim Nappe 
based on field observations and published rraps (Wolff,  
1967b ) 1976; Gee, 1975a, 1978). 
Dashed lines indicate the correlation of the Eastern and 
'western Troixe1ag Successions. 
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the Undal and Asli Formations within the Gula Group, as suggested in 
3.1.2. 
3.4 Conclusions. 
Gee and Zahrisson (197) proposed a structural interpretation of 
the Trondelag region involving a satiaphic correlation of the 
Eastern Thondelag succession with the Kohl Supergroup of Sweden. This 
interpretation has been discussed, and is rejected on the basis that 
it is incompatible with established details of Thondelag geology. 
The more widely held correlation of the Eastern Thondelag succession 
with the Western Thondelag succession is favoured in this thesis. 
On the basis of hithological similarity, the possibility of a 
süatiaphic repetition within the Guha Group, involving a correla-
tion of the Undal and Asli Formations, has been suggested. 
The controversial outcrop of the Gula Group in western Thondelag, 
and on the flanks of the Tiiras antif arm, has been investigated. A 
narrow sliver (less than 1 kin wide) of typical Gula lithologies has 
been identified separating the l-grade Storen rrtavolcanics from the 
garnetiferous Seve anphiboLites of the underlying Seve-Koli Nappe 
Complex. In southern Thondelag, however, the Gula and Storen Groups 
are successively thrust out along the base of the Trondheim Nappe, 
such that the Hovin Group rests directly on the high-grade Seve. 
The sequential development of inesoscopic structures within the 
Gula Group is described. Limited observations have also been carried 
out on higher stratigraphic units. An early phase of isoclinal defor-
mation (D1 ) affects only the Gula, Storen, and Fundsjo Groups, and is 
associated with an early Cambro-Ordovician orogenic development refer-
red to here as the Trondheim Orogeny. Two subsequent phases of iso-
clinal folding (D 2 and D 3  ) and later, less intense deformation (D 14 and 
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D 5  ) are related to the main Scandinavian Cogeny (Silurian to Devonian). 
Major structures probably relating to D 2 , D 3 and D dominate the regional 
geology of the Trondheim Nappe, which was emplaced syn- or post-D 3 , but 
e-D1. 
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COPPER-ZINC SULFIDE !ENALISATI0N 
A brief historical inUuction to the principal mining districts 
associated with copper-zinc mineralisation within the Gula Group has 
been presented in Chapter I. Such deosits are largely restricted to 
the amphibolite horizons interbedded with the Gula schists. Small 
(<0.5 x 106t) massive pyritic bodies constitute the most important ore 
type and generally have an elongate-lens shape, commonly arranged in 
an en echelon pattern within any one ore district. The ores are often 
located at fold hinges, at or near amphibolite schist contacts. Fre-
quent lithological associations are magnetite-rich quartzites, 
magnetite-amphibole-garnet schists, and garnetiferous quartzites. 
These rocks have been described in detail by Nilsen (1978) and inter-
preted by him as metamorphosed cherty iron-formations. 
Pyrite is by far the most important sulfide mineral present, with 
lesser and variable amounts of pyrrhotite, chalcopyrite, sphalerite, 
and ga-lena. Magnetite is a common accessory constituent. Examples of 
this type of mineralisation are the Kvi3ie and Rostvangen deposts 
(Nilsen and Mu)dierjee, 1972; Rul, 1973a; Nilsen, 1978). 
Less commonly, sulfide deposits occur in association with the 
various schist lithologies forming the bulk of the Gula Group. The 
shape, size, structural relationships, and mineralogy of these deposits 
are similar to those of amphibolite association, and indeed, examination 
of Nilsen's (1978) nap indicates that many are no more than a few hun-
dred metres removed from such horizons. The Undal deposit is an example 
of mineralisation not far removed from ainphibolites, while Flottum and 
1brdgruve apparently have no such relationship (Nilsen, 1978; Waltham, 
1968b). 
Many copper-zinc sulfide deposits occur in association with the 
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rretavolcariics and metasedinents of the Storen and Fundsj o Groups. 
While larger tonnages are present (up to 25 x 10 6t), these bodies are 
similar in shape and structural relationships to those in the Gula 
Group, and are associated with metavolcanic horizons and metamorphosed 
cher-ty iron-formations. The Lokken deposit occurs entirely within 
metavolcan.ics of the Storen Group, while those at Tverfj ellet and 
lKiflingdal occur at metavolcanic/metasedimentary contacts within the 
Storen and Furidsjo Groups respectively. 
An excellent summary of the history of genetic concepts concern-
ing Scandinavian sulfide deposits of this type is given by Vokes (1976). 
There is now general concensus that the common association with volcanic 
rocks is not only spatial, but also genetic. The sulfide ores are con-
sidered to be metamorphosed volcanogenic massive sulfide deposits re-
sulting from submarine hydrothermal emanations (Oftedal, 1958; Rui, 
1973a; Vokes and Morton, 1973; Vokes, 1976; Vokes and Gale, 1976; 
Nilsen, 1978). When extended to include the Gala Group copper-zinc 
sulfide/amphiboli -te association, this model presupposes a volcanic 
origin for the Gula arrhibolites (Rui, 1973a; Vokes and Morton, 1973; 
Nilsen, 1978). Mineralisation intimately associated with the aniphi-
bolites is thought to represent in situ formation, while ores located 
within Gula schists, but close to the amphibolites may representtrans-
ported and resedirrented sulfides as initially suggested by Jenks (1971) 
for deposits such as those on the Japanese island of Shikoku. Strauss 
and Madel (197) proposed similar origins for a number of the major 
deposits of the Iberian pyrite belt (e.g. Tharsis North Lode). The 
possibility of primary deposition of sulfides, in non-volcanic environ-
ments, by migration of metal-rich brines away from a volcanic source 
(Sato, 1972; Turner and Gustafson, 1978) should also be considered. 
It is less easy to assign a volcanogenic origin to the Gala deposits 
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with no apparent spatial relationship to anphibolitic horizons, 
although the sulfide transportation and resediirentation hypotheses 
mentioned above may explain them, especially when subsequent deforma-
tion is taken into account. 
Chapter 3 has demonstrated that the Gula, Storen, and Fundsjo 
Groups have been involved in an early Cantro-Ordovician orogenic event, 
the Trondheim Orogeny. This chapter presents the results and conclu-
sions of a comparative study of copper-zinc sulfide deposits in these 
three units. A geochemical investigation of the associated uetavolcan-
ics provides clues to their original tectonic environment, while a 
study of sulfide tectes and mineral chemistry provides information 
on the subsequent metarrcrphism of the deposits. 
4.1 General Comments. 
Fundamental to any discussion of the genesis and subsequent his-
tory of massive volcanogenic sulfide deposits is the question of ori-
ginal depositional environment. A geochemical study of the associated 
rretavolcanics (4.3) provides valuable insight to this problem, but it 
mist be errphasised that any interpretation must be consistent, not only 
with the geochemical data, but also with all available geological evi-
dence. This is perhaps especially important in areas of intense defor-
mation and metarrrphism where many of the original geochemical charac-
teristics of volcanic rocks nay be modified. It is therefore pertinent 
at this stage to summarise, and ejrhasise, the more general geological 
features relating to the Gula, Storen, and Fundsj o Groups. 
4.1.1 	The Gula Group. 
The Gula Group consists of a variety of highly deformed and meta-
morphosed schistose  lithologies including conformable, discontinuous 
bands and lenses of rretabasic material from 1 to 50 m thick. As men-
tioned previously these Gula anhibolites are generally assumed to be 
metamorphosed basic extrusives, although evidence for this is rare. 
However, the common association of the arrrpbibolites with massive 
sulfides, and banded ferruginous quartzites (interpreted as rrta-
cherts by Nilsen, 1978), together with the pillows, scoriae and 
vesicular textures reported by Waltham (1968b) in his study of the 
Folldal area, is here taken as reasonable justification for ascribing 
such an origin to these horizons. 
The remainder of the Gula Group, consisting of a variety of mica-
ceous schists, ranging from politic to psanunitic in character is 
usually regarded as utasedinntary in origin (e.g. Olesen et al., 
1973). Primary sedimentary structures are rare but have occasionally 
been recorded from the more psarrrnitic lithologies (Olesen et al., 1973; 
Nilsen, 1978). 
The possibility that at least a proportion of the Gala schistose 
lithologies represents original inteniedi ate and ucre evolved volcanics 
must also be considered. Waltham (1968b) described the hornblende-
bearing schists in the Folidal area, which "by considerable textural 
and mineralogical variations grades in opposite directions towards 
micaschist and eenstone", as extrusive or pyroclastic in origin. 
Sangster and Scott (1976) have drawn attention to the possible meta-
morphic equivalents of primary rock types commonly associated with 
Precambrian massive copper-zinc-lead sulfide deposits in North Arrerica 
(Table 4.1). The similarity between these metamorphic equivalents and 
some of the lithologies occurring in the Gula Group is notable, and 
may provide an expanation for Gala copper-zinc sulfide deposits with 
no apparent spatial relationships to amphibolite horizons. However, in 
view of the general lack of original textures and structures, the pro-
posal that a proportion of the Gala schists represents deformed and 
metamorphosed intermediate and more evolved volcanics could only be 
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TABLE 4.1 Possible metamorphic equivalents of 
primary igneous lithologies (from Sangster and 
Scott, 1976). 
tested by detailed geochemical investigations. An example of such a 
study is that carried out by Bowes et al. (1971) in the Kylesku Group 
of the Lewisian of N. W. Scotland. A largely volcanic origin was 
suggested on the basis of major and trace element abundances. 
In conclusion, the Gula Group is a complex system of highly de-
fornd and metamorphosed volcanics and sediments. The arnpbibolites 
and possibly a proportion of the schistose lithologies probably repre- 
sent original extrusive volcanics, interbedded with a mixture of tern-
genous and authigenic sediments. 
4.1.2 	The Storen and Fundsjo Groups. 
It has been suggested in Chapter 3 that the Storen and Fundsjo 
Groups are stratiaphic equivalents. They are dominated by irtabasa1-
tic rocks and have a strike length within the Trondheim Nappe of nearly 
350 km. A total thickness of 2.5 km has been suggested (Gee, 1975a). 
If the postulated correlation with similar lithological units at equi-
valent tectonic level to the north and south is accepted (Strand and 
Kulling, 1972, page 67; Gale and Roberts, 197; Hans et al., 1976), a 
strike length of scme 800 km is possible. 
Primary structures such as pifla.is are common (Oftedahi, 1968; 
Grenne et al., in prep.), while amygdaloidal textures have occasionally 
been preserved (Bugge, 1910; Chaloupsky and Fediuk, 1967). The meta-
basaltic rocks, especially in the Fundsj o Group, are frequently asso-
ciated with sill-like keratophyric horizons (Nilsen, 1978). As such 
units may often be traced into well defined agglomerates (Oftedaiü, 
1967) a pyroclastic origin is most likely. Gebbros and ultran-afics 
have been recorded as tectonically emplaced bodies within the ri -etavol-
canics (Gee, 1975b; Grenne et al., in prep.). 
Various sedimentary lithologies have been recorded in the Storen 
and Fundsj o Groups. Cherts and volcanogenic sediments are common, 
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while limestone horizons have occasionally been recorded (Gee, 1975a; 
Wolff, 1976) and have been noted during this study (Storen Group, 
Helgaadalen traverse). 
A submarine origin is indicated for these rocks by the extensive 
pillcF,,7 lavas and their association with terts, limestones and other 
subaqueous sedirrents. The great strike length suggests a linear vol-
canic axis, while the limestones and pyroclastics imply deposition in 
a relatively shallow environment. 
4.2 Petrology of the Associated Metabasics. 
Many detailed petrological descriptions of the matavolcanics of 
the Gula, Storen, and Firidsj o Group are present in the literature. 
This section presents a brief resume of these data, and is consistent 
with the petrological investigation of the samples collected for geo-
chemical analysis during this study (4.3) 
Without exception the primary igneous mineralogy has been oblit-
erated by subsequent rretarrphism, while the combined effects of neta-
urphism and deformation have destroyed almost all igneous textures. 
Mineral assemblages and textures typical of deforrred rocks of basaltic 
composition which have been metamorphosed to greenschist, epidote-
amphibolite, and anphibolite facies, naj predominate. 
4.2.1 	The Gula Group. 
The basic uetavolcanics of the Gula Group have been studied in 
detail by Nilsen (1974), Nilsen and Miikherjee (1972), and Rul (1973a). 
They occur as fine grained schistose amphibolites of a dark green to 
greenish-grey colour. A green hornblende and an oligoclase to andesine 
plagioclase are the major mineral constituents. Hornblende occurs as 
elongated prisms up to 2.0 mm in length and generally possesses a pre-
ferred orientation, while plagioclase forms a more granoblastic, fine- 
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grained groundnass (Fig. Lfj) 	Biotite, chlorite, clinozoisite, 
carbonate, apatite, sphene, nitile, and iirrenite occur as accessory 
constituents. At contacts with the enclosing schists, and in thin 
airphibolite bands, airnandine garnet may occur together with calcirrr-
free airphiboles such as ciriiningtonite and anthophyllite. Nilsen and 
Mukherjee (1972) suggest that these assemblages are the result of con-
tact netasomatism similar to that described by Tilley (1935) from 
metamorphosed basic flows in Cornwall. 
The assemblage dominated by hornblende and intexirdiate plagio-
clase is characteristic of the anphibolite facies of Miyashiro (1968), 
or the low-rank arrphibolite fades of Ernst (1973),and is consistent 
with the occurrence of kyanite and staro1ite in the surrounding 
schists (Fig. 2.1; Roberts, 1968). 
4.2.2 	The Storen Group. 
The basic mtavolcariics of the Storen Group have been described 
most recently where they outcrop between Stj ordalen and Innda.len by 
Dudek et al. (1973); and around Trondheim and in the Lokken area by 
Oftedahi (1968). Earlier descriptions are provided by Vogt (195) 
for the Holanda-Horg area, and by Wolff (1960) for the Verda.1 area. 
Comparison of Map 1 with Fig. 2.1 indicates that the Storeri Group 
outcrops in areas of variable utanDrphic grade. Samples Si, S2 9  S 10, 
S12, S13 are fran areas of greenschist facies metamorphism (Miyashiro, 
1967; Ernst, 1973). This is reflected in a mineralogy dominated by 
chlorite, actinolite, epidote, and albite. Samples S3, S5, S6, S7, 
S9. and Sil however, contain only minor chlorite and are characterised 
by hornblende, epidote, and sodic plagioclase, an assemblage character-
istic of the epidote-arrphibolite facies of Miyashiro (1968), or transi-
tional between the greenschist and 1i-rank anphibolite facies of 
Ernst (1973). 
Fig. 4.1 	Fhotomicroaph of Gula arnphibol±te (sample G9). 
Elongated hornblende in a matrix of plagioclase and sphene. 
Transmitted light; plane polarised light (ppl); smallest dimension 





The rocks are crrurrnly foliated, especially in higher-grade 
localities, and have an apple green to dark green appearance. 
Ariphibole may be porphyroblastic (rarely more than 1.5 rrrn in length) 
and generally possesses a preferred orientation which defines the 
foliation (Fig. .2). Chlorite occurs in the lower-grade samples as 
undulating sheaths often intergrown with actinolite. In higher grades 
it couuronly grows across the foliation suggesting a retrogressive or 
later metamorphic origin. Epidote and plagioclase form a more grano-
blastic, fine-grained matrix, except in lower-grade varieties where 
epidote may occur as well ford porphyroblasts up to 0.5 nun in dia-
meter. Quartz, ilrrenite, sphene, apatite, and biotite are common 
accessories. 
In the least deformed of the 1w-grade samples textures suggesting 
a primary porphyritic nature have been noted. Probable original pheno-
crysts (less than 0.75 xruii in dianter) are outlined by opaque dust and 
completely replaced by actinolite and chlorite (Fig. .3). Crystal 
shape is never well preserved but an impression of six- and eight-sided 
habits is suggested by overall inspection. The possibility of pheno-
ays -t enrichment, probably by ferromagresian minerals such as olivine 
and pyroxene, has implications to the considerations of geochemistry 
presented in the folling section. 
.2.3 	The Funds 50 Croup. 
The nEtabasics of the Funds 5 o Group have been described in detail 
from the area around Stjordalen by Chaloupsky and Fediuk (1967), and 
Siedlecka and Siedlecki (1967); from north of Stjordalen by Dudek et 
al (1973) and Wolff (1960); and from southern Iide1ag by Rul (1972, 
1973b) and Nilsen (1971). 
The assemblages and textures are in general very similar to those 
in the higher-grade Storen samples. Hornblende and sodic plagioclase 
65 
Fig. 4.2 	Photomicrograph of Storen metabasalt (sample S9). 
A well-foliated, fine-grained, hornblende, epidote, plagioclase 
Transmitted light; ppl; f.o.v. = 1.92 mm. 
Fig. 4.3 	Ehotomicrograph of Storen rrEtabas alt (sample Sl). 
Possible pseidnorphs after igneous phenocrysts (centre) in 
actinolite, chlorite, epidote, albite rock. 
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are dominant, with lesser amounts of epidote, and traces of quartz, 
ilrrnite, sphene, apatite, and biotite. These rocks are characteris-
tic of Miyasbiro's (1968) epidote-anphibolite facies or the 1..zer 
part of Emstts (1973) 1w-rank anhiboJite facies. 
4.3 Geochemistry Of The Associated Metabasics. 
There is a general lack of geochemical data on the basic ma -ta-
volcanics of the Gula, Storen, and Fundsjo Groups. One exception to 
this is the study of all Gula iretabasics, including mafic and ultra-
mafic intrusives, carried out by Nilsen (1974). On the basis of 29 
major-elemant analyses, Nilsen (1974) concluded that a tholeiitic 
fractionation trend genetically relates all basic extrusive and intru-
sive rocks within the Gula Group. However, evidence to be presented 
in Chapter 5 indicates that while the rretagabbroic intrusions may be 
genetically related to the apparently extrusive a.rrpbibolites, the 
ultranafics definitely are not. Furtheniore, it has long been establi-
shed that submarine and subaerial weathering, and metamorphism result 
in considerable modifications to the chemistry of basic igneous rocks 
(Nelson and Van Andel, 1966; Cann, 1969; Hart, 1970; Matthews, 1971). 
The use of major elements in petrogenetic considerations of rretamor- 
-iosed basalts such as those of the Gula, Fundsjo and Storen Groups is 
therefore severely limited. 
However, hyomagnatophile elements (Wood, Joron et al., 1979) 
such as F, Ti, Zr, Y, and Nb, which are characterised by a hi -L charge/ 
radius ratio (field strength) are rarely transported in aqueous fluids 
and tend to remain unaffected during nEtasomatic alteration (Pearce and 
Norry, 1979). These characteristics, together with their systematic 
variation in fresh lavas, alla.is these less mobile trace elements to be 
used to study weathered and metamorphosed basalts 'those mineralogy and 
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chemistry have otherwise been too greatly altered for accurate petro-
graphic interpretation. 
Such techniques were initially developed on an errçirical basis by 
investigation of these elenEnts in fresh basalts of different petro-
logical character and tectonic setting. Pearce and Cann (1973) drew 
attention to the high Y/ ratios (>2) of tholeiitic relative to alkali 
basalts, and developed a series of diagrams which could be used to dis-
criminate basalts erupted in different tectonic environments. Further 
contributions were provided by Floyd and Winchester (1975); Pearce 
(1975); and Bloxain and Lewis (1972). A recent attempt to explain the 
variations in concentration of these eleirnts by consideration of 
mineral-liquid distribution coefficients and petrogenetic modelling 
has mat with reasonable success (Pearce and Norry, 1979). 
These mathods have previously been applied to the rretanrphosed 
basic volcanics of the Storen Group. An ocean-floor origin has been 
suggested by Gale and Roberts (1974), Vokes and Gale (1976), and Pearce 
and Gale (1977), although consideration of geological as well as geo-
chemical evidence le c& these authors to prefer deposition in a rrarginal 
basin environment. These contributions were based on the sane group of 
analyses. 
No trace-element geochemical data has previously been obtained 
from the rrEtavolcanics of the Gula and Fiidsj o Groups. Approximately 
a dozen samples each of these, and Storen Group rretavolcanics were col-
lected for whole-rock analyses. Sample selection was carried out to 
provide as wide a geographical distribution as possible. The locations 
of individual samples are shown in Fig. 4.4. Metamorphic veining of 
quartz and calcite, rretasomatic reaction zones (such as those described 
in 4.2.1) and subaerial weathering were avoided, such that only hoiiü-
genous, apparently basic rocks were sampled. The analytical techniques 
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4.3.1 	Major elements. 
Major element concentrations of Storen, Furidsjo, and Gula Group 
meta.basics are listed in Tables 4.2, 4.3, and 44 respectively. With-
out exception all analyses fall within the composition limits of 
basalts (Manson, 1967). However, high Na 2 0 values relative to CaO 
as illustrated in Fig. 4.5, suggest that many of these rocks have 
suffered spilitic alteration (Graham, 1976). The recognition of such 
alteration, together with the probable effects of metamorphism, res-
tricts the usefulness of major element concentrations to petrogenetic 
considerations as previously mentioned, and further comment on these 
data will not be made. 
4.3.2 	Trace elements. 
Trace element data for metabasics of the Storen, Fundsjo, and 
Gu.la Groups are presented in Tables 4.2, 4.3, and 4.4. P 2 05 values 
are low (usually <0.25 wt %) and Y/Nb and Zr/Nb are high (generally 
greater than 2.0 and 7.0 respectively) indicating the dominantly tho-
leiitic nature of all three groups (Pearce and Cam, 1973; Erlank and 
iKable, 1976; Floyd and Winchester, 1975). 
4.3.2.1 The Gula Group - In Gula Group metabasics Ti, Zr, Y and Zr/Y 
are lower than in typical mid-ocean ridge basalts (MORB). As a con-
sequence, the majority of these rocks plot in the fields of low-K 
tholeiites of island arcs in Figs. 4.6 and 4.7 (after Pearce and Cann, 
1973) and in the field of island arc basalts in Fig. 4.8 (after Pearce 
and Norry, 1979). In an interpretation of these results it is impor-
tant to remember that these metabasics have suffered arrhibolite facies 
metamorphism. Although the trace elements quoted in Tables 4.2, 4.3. 
and 4.4 and plotted in Figs. 4.6, 4.7, and 4.8 have generally been re-
garded as tistablet? under metamorphic conditions, the high pressures 
indicated for the Gula Group by sphalerite geobarorretry (4.4.5) 
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I.1..0. 15.00 	34.66 	15.11 	15.56 	14.74 	23.91 	16.52 	16.65 	12.52 	12.95 0 
Fe­'_ 12.77 	9.76 	10.08 	11.06 	11.96 	13.49 	11.12 	9.82 	21.34 	16.66 
gO 	9.22 	11.82 	9.7 1  	 10.72 	10.59 	6.94 	7.27 	11.44 	6.72 	5.12 
1n0 	0.19 	0.16 	0.21 	0.31 	0.15 	0.23 	0.15 	0.15 	0.34 	0.80 
CaD 	10.36 	11.07 	11.68 	10.11 	9.02 	6.09 	12.81 	10.30 	5.70 	7.93 
1a2C 	2.74 	1.03 	3.01 	2.62 	3.00 	3.92 	2.80 	3.22 	2.53 	3.20 
J2C 	0.40 	0.39 	0.59 	0.22 	0.80 	0.30 	0.23 	0.24 	1.50 	C.14 
P20 5 	0.06 	0.05 	0.07 	0.09 	0.12 	0.16 	C.0E 	0.10 	0.25 	0.17 
GUI 	0.97 	1.20 	2.46 	1.16 	1.S4 	0.72 	1.10 	1.65 	4.00 	1.35 
Cr 186 695 439 455 553 106 368 530 279 425 
Zr 25 26 47 32 44 66 32 31 39 42 
Nb 3 3 3 5 3 6 3 7 6 6 
Y 18 15 16 15 16 24 19 16 36 16 
Th 2 2 2 3 1 2 1 2 5 4 
Y/Nb 5.5 5.1 6.0 3.1 5.? 7.4 6.0 2.2 2.6 2.6 
Zr/Nb 7.9 6.6 15.7 6.2 13.6 11.8 10.2 4.1 6.4 6.9 
2 3 5 6 
a P 
Zr 77.? 309.8 67 67 80 83 87 65 80 	76 	84 
0e1 6.2 30.2 7.0 7.3 19.0 19.0 15.5 17.1 23.8 	5.5 	15.5 
11.7 11.4 14.9 13.8 12.3 12.3 10.6 10.8 6.1 	4.6 	12.3 
Ce /Y 0.5 2.6 0.5 0.6 1.5 1.6 1.8 1.6 3.9 	2.1 	1.3 N 
I = Storen samples S 2 
	
and S 	 (b); 2 = T" -type MORE fror. the Nazca plate (date12 
fron Rhodes et al,1976); 3 	6-type lR3 from the North Atlantic (data from Tarney 
et a?, 1979); 4 dykes from the Sardaento ophiolite complex, southern Chile (data 
from Saunders et al, 1979); 5 = basalts from the Branzfield Strait marginal basin (data 
from weaver et al, 1979); 6 = Basalt from the East Scotia See marginal basin (data  
from Saunders S Tarney, 1979). 
TABLE 4.5 Rare-earth element patterns of Storen Group 
metabasalts compared with mid-ocean ridge and marginal 
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Fig . 4.5 Ut % Na20 vs CaO for Gula (triangle), Storen 
(squares), and Fundsjo (circles) Group metabasalts. 
Ti/100 
Stcren Group 
• 	Fundsjo Group 
A 	 Gula Group 
/ OT 
Z 	 Yx3 
Fig. 4.6 Ti-Zr-Y plot (after Pearce and Cann, 1973) of Gula, 
Storen, and Fundsjo Group metabasalts. Field A = low-K tholeiites 
of island arcs; field P = mid-ocean ridge basalts and island-arc 
volcanics; field C = caic-alkaline basalts and andesites; field D = 
within-plate hasalts. Dotted line = field of analyses published by 
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Fig. 4.7 Ti-Zr plot (after Pearce and Cann, 1973) of Gula, Storen, and 
Fundsjo Group metabasalts. Field A = mid-ocean ridge basalts; field 3 = 
mid-ocean ridge basalts and island arc volcanics; field C = low-I" thol-
eiites of island arcs; field D = caic-alkaline basalts and andesites; 
field E = within-plate basalts (after Pearce and Gale, 1977); field F = 
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Fig. 4.8 Zr/Y vs Zr plot (alter Pearce and Norry, 1979) of Gula, Storen and Fundsjo Group meta basalts. 
Field A 	mid-ocean ridge basalts; field I] = island-arc hasalts; field C = within-plate hasalts; 
field D mid-ocean ridge basalts and island-arc basa1ts; field E = mid-ocean ridge basalts and 
within-plate hasalts. Symbols as in Fig. 4.6. 
dictate that any conclusions on tectonic setting based on geochemistry 
alone should be treated with caution. 
4.3.2.2 The Storen and Fundsj o Groups - Metabasics from the Storen and 
Fundsjo Grips have variable abundances of Zr, Ti, and Y and variable 
Zr/Y ratios. On Figs. 4.6 and 4.7 they fall in the MORE field, in the 
within-plate basalt (WPB) field, and in the field of island-arc tholei-
ites (IAT); while on Fig. 4.8 they plot largely in the MORE field, with 
some scatter into the island-arc basalt, and WPB fields. Enrichment of 
Ti relative to Zr causes many analyses to plot above the fields defined 
by Pearce and Cann (1973) in Fig. 4.7, perhaps as a result of pheno-
cryst enrichment (4.2.2). Also shin on Fig. 4.6 is the field contain-
ing analyses of Storen xrtabasics published by Gale and Roberts (1974), 
and Vokes and Gale (1976), and referred to by Pearce and Gale (1977). 
The difference between these analyses and the results obtained in this 
study are probably explained by the fact that the earlier analyses re-
present a large number of samples from only two localities, while the 
analyses described here represent a much wider geographical distribution. 
Trace element abundances such as those displayed in Figs. 4.6, 4.7, 
and 4.8 have been interpreted by a number of workers as suggesting tran-
sitional tectonic environments. For instance, Olsen (in press) has in-
vestigated the trace element geochemistry of the host rocks to the Joma 
massive sulfide deposit, in the &ong area, the Royrvik Group netabasics. 
He found a similar pattern of trace element abundances, with considerable 
spread of points across the WPB, MORE, and IAT fields of the Pearce and 
Cann (1973) Ti-Zr-Y discrimination diagram. He interprets this by sug-
gesting that the Royrvik Group formed in a back-arc basic close to a 
continental margin (i.e. MORE, formed "within plate", close to a volcanic 
arc). However, as the fields used to classify basalt tectonically have 
been defined on a purely empirical basis using fresh basalts of ]qr 
77 
and simple tectonic setting (Pearce and Cann, 1973; Pearce and Norry, 
1979) there is no evidence to suggest that the model can be extended 
to suggest that "transitional" trace element distributions in1y -trans-
itional tectonic environment. However, the possibility that the Storen 
and Fundsj o Groups represent a fossil marginal basin is worthy of fur-
ther consideration in view of the geological evidence previously des-
cribed (q.l.l). 
Studies of kncn marginal basins have shown that their associated 
basalts are broadly similar to MORE. Gill (1976) noted that Lau Basin 
basalts displayed a slight enricbrent of Sr 87 ; Ba; light rare earth 
elerents (PEE); alkalis and water, together with a depletion of heavy 
REE, Y, Zr, Hf and Ti relative to MORB. He concluded that their geo-
chemistry was -transitional from MORE to IAT. More recent studies of 
basalts from the Mariana (Hart et al., 1972); East Scotia Sea (Saunders 
and Tarney, 1979); and Bransfield Strait (Weaver et al., 1979) marginal 
basins, and from the Sarmiento oiolite complex of Southern Chile (a 
fossil marginal basin - Saunders et al., 1979) have shown that they 
tend to be richer in K. Rb, and Ba, and to have higher Ba/Sr and Ce/Yb 
ratios, and lager K/Pb ratios than MORB. 
However,., it is now known that some MORB have similar "anomalous" 
geochemical characteristics (see for instance Tarney et al., 1979; 
Raschka and Eckhardt, 1976). Basalts from known marginal basins and 
of "anomalous" MORE are plotted on a. Ti-Zr-Y discrimination diagram in 
Fig. 4.9b and a respectively. In both cases the majority of analyses 
plot in the MORE field with considerable scatter into the 1PB field 
and the island-arc fields. This diagram (and the others so far presen-
ted) therefore fails to discriminate a) between "normal" (IN'-type - Wood, 
Joron and Theull, 1979) MORE and "anomalous" (' -type - Wood, Joron and 
Theull, 1979) MORE; and b) between MORE in general and marginal-basin 
Ti /100 
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Fig. 4.9 Ti-Zr-Y plot (after Pearce and Cairn, 1973) of a) "anomalous" 
mid-ocean ridge basalt (IPOD 49 - Tarney et al., 1979; DSDP 38 - 
Raschka and Eckhardt, 1976); and b) basalts of known marginal basins 
(Sarmiento - Saunders et al., 1979; r'ansfie1d Strait - Weaver et al., 
1979; East Scotia Sea - Saunders and Tarney, 1979; Lau asin - Gill, 
1976). Fields as in Fig. 4.6. 
basalts (MBB). Furthermore, Figs. 4.6, and 4.9 a and b reveal that 
the distributions of Ti, Zr, and Y, in Storen and Fundsj o Group meta- 
basics bear strong similarities to those of both 'E'-type MORE and MBB. 
REE elements have commonly been used to compare basa.lts from dif-
ferent tectonic setting (e.g. HernDann et al., 1974). A difficulty 
with this method is that absolute REE abundances are dependent on the 
degree of low-pressure fractionation as well as on conditions of par-
tial melting and nature of the source. This problem can, to a certain 
extent, be overcome by considering only basalts with similar Zr-contents 
as there is normally a strong correlation between Zr and both Fe/Mg and 
REE levels in ocean basalts (Tarney et al., 1977). Table 4.5 (which 
treats Y as a heavy REE) presents a comparison of Storen Group meta-
basalts with known MORE and MBB. MEE are slightly enriched in LREE, a 
feature also displayed by 'E'type MORB, while TN'-type MORE show slight 
depletion of TREE. while REE have commonly been regarded as "imnobile" 
during metamorphism (e.g. Kolj onan and Rosenberg, 1975), recent work by 
Hellman et al. (1979) has thrown considerable doubt on this assumption. 
Although it is possible that even these have suffered considerable REE 
mobility, only Storen metabasics of low metamorphic grade have been in-
cluded in Table 4.5, which demonstrates that both enrichment and deple-
tion of LREE occurs. 
The study of the geochemistry of igneous rocks has been extended to 
include other, supposedly "irunobile" trace elements such as Th, Hf, and 
Ta, by Wood, Joron and Treull (1979). Ins - urrental neutron activation 
(INA) provides a technique by which these elements can be "rapidly and 
precisely" determined (Ta for instance is present in some IAT at con-
centrations down to 0.01 ppn). Investigation of these elements by INA 
analysis have shown that 	-type MORE; 'E'-type MORE; and WPB can be 
distinguished on the basis of Ta/Hf ratio; while these basalt types may 
be distinguished from those of desauctive plate margins by Th/Ta ratio. 
Wood, Joron and Theull (19 79) combine these criteria in the form of the 
ternary Th-Hf-Ta discrimination diagram presented in Fig. L.lGa. Appar-
ently the discrimination is successful for more fractionated magmas as 
well as basic rocks, as magma evolution produces only a slight enrich-
ment of Th relative to Hf and Ta. 
Only a limited arnoiiit of data on Hf and Ta is available at present. 
Wood, Joron and Teull (1979) point out, however, that Hf and Ta concen-
- ations can be estimated assuming Zr/Hf and Nb/Ta ratios of 39 and 16 
respectively. These ratios are apparently constant in terrestrial mag-
mas and on the basis of present knowledge the max imum deviations from 
these values are ±10 and ±5 for Zr/Hf and Nb/Ta respectively. Wood, Joron 
and Treull (1979) have included data from the literate where 'treliable't 
X-ray fluorescence (XRF) analyses of Th, Zr, and Nb have been quoted. 
They claim that such data do not influence -the position of the field 
boundaries in the Th-Hf-Ta diagram. To further test the viability of 
using XRF Th, Zr, and Nb analyses on this diagram the basalts from IPOD 
leg 49, Sites 07-410 have been plotted on a Th-Zr/117-Nb / 16 diagram 
using the XRF-analyses of Tarney et al. (1979). These basalts have been 
analysed for Th, Hf, and Ta by Wood, Tarney et al. (1979) using DNA, and 
have been included in Wood, Joron and Theull' s (1979) empirical defini-
tion of the fields in Fig. 4.10a. Fig. L.lOb demanstrates that the bulk 
of analyses from Sites 07-409 plot in the field of 'E'-type MORE, while 
those from Site 410 plot in the field of WPB. Luyendyk et al. (1979) 
described evidence suggesting that Site 410 basalts were the product of 
off-axis volcanism and should be classified as WPB, as further evidenced 
by their plotting in this field in Wood, Jorai and fteull' s (1979) Th-Hf- 
Nb diagram. Plotting XRF analyses of Ih, Zr, and Nb on the discrimination 
diagram defined by INA analyses of Th, Hf, and Ta, -therefore appears to 
give reasonably successful discrimination of basalt types. 
001 
T h 
111/3 	 Zr /117 
T 	 Nb/16 
Fig. 4.10 a) The Tb-Hf-Ta discrimination diagram of Wood, Joron, and Treull (1970). Field A = 'N'-type mid-
ocean ridge volcanics; field B = 'E'-type mid-ocean ridge volcanics; field C = within-plate volcnnics; field 
D = destructive-plate-margin volcanics. b) Tb-Zr-111b plot of IPOD Leg 49 bar,als, FiLes 407-410. Data from 
Tarney ot al. (1079). Fields as in Fig. 4.10a. 	 OD 
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This technique has been extended to include volcanics from kncx.n 
marginal basins. XRF analyses of Th, Zr, and Nb are available for 
volcanics from the East Scotia Sea (Sanders and Tarney, 1979); 
Bransfield Strait (Weaver et al., 1979); and from the Sarmiento 
ophioli-te conlex (Saders et al., 1979); and are plotted on a Tn-Zr-
Nb diagram in Fig. 4.11. It appears that, at least in these cases, 
B have Th/Ta ratios similar to the other magma suites of destructive 
plate margins. A possible explanation for this is an enhanced stabil-
ity of a Ti-oxide phase resulting from the high P 	and P 
02 
 conditions 
that might be expected in an island-arc environment (Wood, in press; 
Saunders et al., in press). Farce and Norry (1979) have shown that 
Nb (and Ta) will partition preferentially to the other trace elerrents 
considered here into such a phase, thereby causing a relative depletion 
of Nb (and Ta) in any partial melt produced in this environment. A 
high PH2O 
 would also be expected in the source region of B; indeed 
Saunders (pers. comm.., 1979) has noted an increased vesicularity in 
NBB over MORB which he explains by an input of water into the source 
region (the overlying mantle wedge) from the subducting slab. A simi-
lar depletion of Nb (and Ta) would therefore be expected in MBB as in 
basalts of island-arc affinity. This is an important observation as it 
may represent a geochemical criterion for distinguishing MORE and MBB. 
Storen and Fmdsjo Group rretabasics are plotted on a Th-Zr-Nb 
diagram in Fig. 4.12. While accepting that there is sorra doubt about 
the stability of Th during alteration and metamorphism (Wood, Joron 
and Treull, 1979), it is interesting to note that of 22 analyses: 11 
plot in the field of destructive-plate-margin volcanics; 7 plot between 
the destructive-plate-margin volcanics field and the fields of 'E l-
type MORE and WPB; and 3 fall in the field of 'E l -type MORE. 
RV 
In Id 
and 	flransfje]cl Strait 
an 
F Fip. 4. 11 Th—Zr—Nb 




Th 	 Nb/16 
Zr /117 
Fig. 4.12 Th-Zr-Nb 
and Fundsjo Group m€ 




If the spread from destructive-plate-mergin basalts to MORE is 
real and not a reflection of analytical error, or secondary processes, 
it is possible that the scatter of points towards MORE is time control-
led. However, the observation that Bransfield Strait volcanics (sup-
posedly a very young marginal basin - Weaver et al., 1979) fall close 
to the field of MORE in Fig. 4.11 would argue against this. Until much 
more detailed and accurate geochemical data becomes available such an 
hypothesis must be purely speculative. 
In conclusion, consideration of geochemical data from known mar-
ginal basins reveals that they may be depleted in Nb and Ta, possibly 
as a result of high 
PH20 
 and high p0 in their source region. For this 
reason they will tend to plot in the field of destructive-plate-margin 
volcanics on a Th-Hf-Ta, or a Th-Zr-Nb discrimination diagram. The 
application of such diagrams obviously requires accurate and precise 
analyses of the elements involved. Of these, Th, Nb, and Ta are corn-
rrnly present in such small quantities that even analyses quoted in the 
literature as "reliable" should be treated with caution. The sugges-
tions outlined above should therefore be regarded as tentative, and 
pointers for future work rather than definitive conclusions. 
Study of the geochemistry of Storen and Fundsjo Group metabasics 
reveals similarities to basalts formed at mid-ocean ridge and marginal-
basin spreading centres. A comn depletion in Nb (Table 4.2, 4.3, 
Fig. 4.12) might favour a marginal basin environment. 
4.4 Copper-Zinc Sulfide Mineralisation. 
The general geology and some aspects concerning the genesis of the 
large number of small metamorphosed massive sulfide deposits occurring 
throughout the Gula, Storen, and Fundsjo Groups have been discussed 
earlier in this chapter. This section discusses the results of a 
comparative investigation of the sulfide petrology and chemistry of 
five such deposits, paying particular attention to the application of 
the sphalerite geobarcneter. The Lokken and TVerfjellet deposits occur 
in the Storen Group; the Killingdal deposit in the Fundsjo; and the 
Xvi}cie and Rostvangen deposits in the G ,-, la Group. 
Petrological investigations of i}cie, Rostvangen, and Killingdal 
have previously been carried out (Nilsen and Mukherjee, 1972; Rui, 
1973a; Rui, 1973b), but little data on mineral chemistry is available. 
In contrast, while the Lokken and Tverfjellet deposits have commonly 
been mentioned in the literature, no detailed descriptions have yet 
been published. However, some general geological information has been 
provided by the present mine geologists, and on the basis of this, 
brief descriptions of the five deposits are presented. While a volcan-
ogenic origin is now generally accepted for Caledonian massive sulfide 
deposits in Scandinavia (Vokes, 1976) mention is made of any recent de-
bate concerning the genesis of these particular deposits. 
4.4.1 	The deposits. 
4.4.1.1 Lokken - On the basis of present knowledge, Lokken is the 
largest of the Norwegian Caledonian base-metal sulfide deposits; a 
total tonnage of 25 x 106t has been estimated. The deposit is currently 
being exploited by Al S Grkla Indus'ier and the description presented 
here results largely from discussion with resident geologist G. Gramrneltvedt. 
The deposit consists of several separate bodies of massive sulfide 
having the form of elongated lenses of varying cross-sectional shape. 
The total length is about 4 km while the average width and thickness are 
about 150-200 m and 50 m respectively (Figs. 4.13 and 4.14). The depo-
sit is orientated E-W, parallel to country-rock fold-axial directions 
(D1-Chapter 3). 
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Fig. 4.1 	Diagrammatic north-south cross-section 
through the Lokken ore deposit (from Grenne et al., 
in prep.). 
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C1 Greenstone lower subgroup. 
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The ores lie in an inverted sequence of Storen Group lavas , char-
acterised by greenschist facies mineral assemblages and occasionally 
showing relict pillow structures. As seen from Fig. 4.14 the strati-
graphically overlying lavas are interbedded with several red or black 
cherty horizons, known collectively in Norwegian tern -dnology as 
"vasskiss't. These 'tvassk.iss't horizons are generally 0.5-2.0 m thick 
and consist of very fine-grained quartz -magnetite -stilpnonelene layers 
alternating with very fine-grained pyrite-rich layers. Between the 
ore and the stratigraphica.11y underlying lavas a lenticular unit of 
'tquartz-albite felsite" occurs, often heavily impregnated with pyrite 
in the form of thin bands and irregular stringers (Fig. 4.14). A large 
netagabbroic by is present within the sU'atigraphically underlying 
lava sequence, but is separated from the ore zone by a westerly dipping 
fault or thrust plane as shown in Fig. 4.13 and 4.14. 
The ore has an average grade of 2.0% Cu; 1.8% Zn; and 42% S; and 
is dominated by pyrite (75%); chalcopyrite (6%); and sphalerite (3%). 
Quartz is the main gangue mineral (15% of ore) but minor amounts of 
calcite, chlorite, and stilpnoirelene also occur. 
4.4.1.2 Tverfjellet - A total of 20 x 10 6 t has been estimated for 
the Tverfjellet deposit, developed in the late sixties and operated by 
A/S Folldal Verk. The mine was described in the early stages of its 
developmant by Waltham (1968b) but more recent publications are lacking. 
The description presented here is based largely on discussions with the 
mine geologist M. Motyse. 
The deposit lies in the southern Thondelag outcrop of the Storen 
Group where mineral assemblages characteristic of epidote-arrbibo1ite 
facies are dominant (Miyashiro, 1968). The ores occur as steeply inclined 
elongate lenses, similar to those at Lokken, but in this instance located 
between nEtavolcarlic and matasedimantary lithologies. An E-W orientation 
is related to county-rock fold hinges (D1 - Chapter 3). Nilsen (1978) 
suggests that banded magnetite/pyrite ores occurring conformably within 
the ore lenses tham, 1968, a and 5) may be metamorphosed 'vasskiss" 
horizons. 
The ore has an average grade of 1% Cu; 1.2% Zn; and 32% S (Nilsen, 
1978) and is dominated by pyrite (50%); chalcopyrite (5%); and sphaler-
ite (2%). Quartz is the dominant gangue mineral but calcite, chlorite, 
mica, hornblende, graphite, and rutile also occur (Waltham, 1968b). 
4.4.1.3 Killingdal - The Killingdal deposit contained an estimated 
3 x 106t of ore. It has a long history of exploitation, having been 
discovered in 1674 and operated sporadically until the present day. 
The mine is now operated by IKillingdal Grubeselskap A/S who employ no 
resident geologist. Recent information on the deposit is therefore 
lacking. Rui (1973 b), however, provides a comprehensive description 
of the deposit, as then known, which farms the basis of this resume. 
The deposit is composed of two orebodies named the Main Orebcidy 
and the North Orebcxiy. Both are strongly elongated, and have lens 
shaped cross-sections. The orebcdies run parallel for a known length 
of 2.5 )n, and have an axial dip of approximately 300  towards the west. 
The North Orebody is located above and about 50 m to the north of the 
Main Orebody (Fig. .15). 
In cross-section the Main Orebody has a maximum width of about 
80 m and a maxirrum thickness of about 10 m. In general the width and 
thickness decrease towards the deeper parts of the mine. The cross-
sectional area of the North Orebody is considerably less than the ham 
Orebcdy and consequently it has been exploited to a lesser extent. 
The Main Orebody occurs in successive envelopes of quartz-muscovite-
schist and chlorite schist at the contact between anhibolite and 
iyllitic rretasedinents of the Fundsjo Group. The North Orebody occurs 
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Fig. 4.15 East-west cross-section and plan of the Killingdal orebodies (from Ilui, 
1973b). 
N) 
within sinü.lar envelopes but entirely within the rrtasedinents. Ru.i 
(1973b) interprets these envelopes as representing wall-rock altera-
tion associated with palingenetic epigenetic ore deposition. Vokes 
(1970, 1974) however, argues strongly that such phenomena are not in-
consistent with what would be expected around a "metamorphosed, pre-
orogenic ore" either through rrtarrorphisrn of syngenetic alteration 
haloes or through rrtasoritic reaction between the ore and its wall-
rocks. A syngenetic origin is now generally accepted for these ores 
(Nilsen, 1978). 
According to Rui (1973b) the Main Orebody has an average grade of 
1.9% Cu; 5.9% Zn; 0.4% Pb; and 48.1% S, and is dominated by pyrite 
(81.1%); sphalerite (9.9%); and chalcopyrite (5.5%); with lesser amounts 
of galena (0.5%), and traces of pyrrhotite. Quartz and muscovite are the 
main gangue minerals. 
4.4.1.4 Kviime - The deposits at Kvikne, comprising a large number 
of workings, were exploited sporadically from 1631 until 1912, although 
most mining activity occurred before 1812. Little has been published 
on the geology of the KviJ<e mines and the workings are n:ow completely 
flooded. However, Nilsen and Mukherjee (1972) provide a general des- 
cription based on examination of dunps and surface exposure. The infor-
mation presented here is based on this work. 
The deposits lie in the central parts of the Gula Group and are 
confined to airhibolitic horizons. They are usually located at the con-
tacts between the airphibolites and the enclosing mica schist. Old mine 
records allowed Nilsen and Mukherjee (1972) to suggest an elongated lens, 
or ruler shape for the largest deposits. The direction of elongation 
parallels the regional D 1-lineation direction, in this area approximately 
SE. 
On the basis of wall-rock alteration, the apparent tectonic control 
of the oreb.ies and a constant prevalence of Co over Ni in pyrite, 
Nilsen and Mukherjee (1972) suggest an epigenetic origin for these 
ares. However, in a discussion of this paper, Vokes and Morton (1973) 
argue that these features are typical of metamorphosed volcanogenic 
deposits and favour such an origin. The-se veiws have since been 
accepted by Nilsen (1978). 
Between 1631 and 1812 the }(vikne mines produced 7,33 tons of 
copper. The ore is dominated by pyrite with lesser anüin -its of pyrrho-
tite, chalcopyrite, and sphalerite. 
4.4.1.5 Rostvarigen - The Rostvangen deposits occur in the Gula 
Group some 25 kin SSE of the Kvikiie mines. The deposits were discovered 
in 1905 and worked from 1908 until 1921, when the world-wide economic 
crisis lead to the abandonment of the newly developed mine and proces-
sing plant after nearly 400,000 tons of ore had been produced. 
As at Kvikiie, the recent description of the ores by Rui (1973a) 
was dependent on old mine records and examination of dunps and surface 
exposure. Ruits  (1973a) work form the basis for this brief introduc-
tion. 
The orebodies consist of a number of elongated lenses of massive 
ore "mutually arranged in an en echelon pattern" with their major axes 
coinciding with the regional SSE D 1-lineation direction. Individual 
are shoots have known lengths of 150 to 200 in; widths varying from 15-
60 m; and thicknesses of 2-15 in. The mineralisation is confined to the 
contact between airhibolite horizons and the country-rock schists, and 
appears to be located at large-scale fold hinges. 
According to Foslie (1926) the average grade of the ores was 2.65% 
Cu; 1% Zn; and 43% S. Pyrite is the dominant sulfide mineral with les-
ser amounts of pyrrhotite, chalcopyrite sphalerite and magnetite. 
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Petrology. 
Apoxintaly a dozen representative samples of Lokken,, Tverfjellet 
and Killingdal (Main Orébody) were provided by the operating companies 
while samples from Kvi}cie and Rostvangen were selected from dirips by 
the author. 
Vokes (1968) has pointed out that the large stability fields of 
the common sulfide minerals, coupled with the relatively simple original 
chemical and mineral compositions of most volcanogenic sulfide ores 
results in common and simple mineral assemblages in metamorphosed depo-
sits. This simplicity of assemblage is reflected in this study as 
shin by Table L•  6, which presents modal analyses of representative 
samples of each deposit. In all cases the sulfide assemblage is domin-
ated by pyrite, chalcopyrite, and sphalerite. The occurrence of pyrrho-
tite in metamorphosed massive sulfide deposits has been related to meta-
morphic grade by Vokes (1969), who suggests that much, if not a11, of 
the pyrrhotite in such ores results from the breakdon of pyrite at 
about the boundary between g'eenschist and arrphibolite fades metamor-
phism. While such reactions are obviously controlled by f0 2 and fS 2 
(Eckstrand, 1975), the rarity of pyr'rhotite in deposits of the Storen 
and Fundsj o Groups, and its relative abundance in the Gula deposits 
supports this suggestion. The application of a magnetic colloid (Scott, 
1974) indicates that the pyr'rhotite present in these deposits is either 
hexagonal, or an interth of hexagonal and monoclinic phases. 
As monoclinic pyrrhotite is unstable above 253 0C 	(Kissin, 1974), 
this inter7th probably developed on cooling from higher uetancrphic 
temperatures. The presence of magnetite at Tverfjellet and Rostvangen 
probably relates to metamorphism of pyrite and/or pyr'rhotite at higher 
f02 . 
A number of textural changes relating to progressive regional 
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ROSTVANGE; 	 KVKNZ 
TI 	F2 016 017 018 	019 G20 021 022 
8 	25 36 4 	1 
7 	8 1 81 	6 
1 	12 9 2 	9 
3 	1 2 t 	I 
1 	20 - - 	 15 
- 	 1 2 - 	 - 
1 	16 48 - 	 - 
- 	 16  
2 	1 
- 	 - - S 	- 
' C - 	 - 
t 12 	2 	1 
t 	5 	1 	£ 
11 	2 	5 	16 
- 	18 	1 
6 	9 	35 	0 
0 	•t 	- 	- 
t 	12 	1 	1 
t 	I 	- 	- 
1 	23 	1 	I 
TABLE 4.6 ilodal analyses of massive volcanogenic ores from the 
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Gangs undifferentiated gang 
Pore pore space 
All analyses based on at least 333 points. 
rrEtaicrphism of massive sulfide deposits have been documented by Vokes 
(1968 1969). In general increasing rrEtanorphisrnresults in textures 
where minerals of high form energy, such as pyrite, arsenopyrite, and 
magnetite, grow porphyroblastically in a matrix of minerals of lower 
form energy, such as chalcopyrite, sphalerite, and pyrrhotite. Pro-
vided the effects of deformation are not too great, grainsize increases 
with metamorphic grade. In a study of Scandinavian ore deposits (inclu-
ding Lokken and Tverfjellet) Vokes (1968) concluded that: 
"In the Scandinavian Caledonides it is possible to link the 
increase in grainsize very closely with the metamorphic grade 
of the enclosing rocks, without actually being able to equate 
definite grainsize dimensions with any particular utairrphic 
grade." 
Similar conclusions were reached by Tenp1errn-KLuit (1970) , who 
attempted to quantify the relationship and found fair correlation, 
especially with regard to pyrite. 
The progressive porphyroblastesis and increase in grainsize of 
pyrite relating to increasing metamorphic grade are well demonstrated 
by the Gula, Storen, and Ftridsj o deposits as illustrated in Figs. 4.16- 
4.22. The very fine grains ize and restricted recrystallisation of the 
Lokken pyrites (Fig. 14.16) is consistent with a lw metamorphic grade 
(lower greenschist facies - Vokes, 1968), while the large porphyrlasts 
-typical of KviJ< -ie and Rostvangen (Figs. 14.21 and 14.22) reflect the high-
grade metamorphism suggested by their enclosing country-rock schists 
(Fig. 2.1). 
The effects of deformation are variable, presumably according to 
the associated irtamoriic grade and the timing of the deformation rela-
tive to metamorphic recrystallisation (Vokes, 1968). At Lokken the very 
fine grainsize probably relates to cataclastic processes (Voke.s, 1968) 
and later fracturing and subsequent healing by quartz is crurcn (Fig. 
14.16). In contrast, the ores of higher metamorphic areas commonly 
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Fig. 4.16 	Photomicrograph of Lokken. ore (sample 78. LM. 1). 
Fine-grained, possibly cataclastic pyrite (light grey) in 
quartz (dark grey), with minor sphalerite (grey). 
Note healing of brittle fractures by quartz. 
Reflected light; ppi; f.o.v. = 2.0 rrrn. 
Fig. 4. 17 	Photoniicrograph of TVerfjellet ore (sample 78 FM. 7). 
Fbrphyroblastic pyrite (white) and magnetite (grey) in quartz-
calcite gangue (dark grey). Minor chalcopyrite (c), and 
sphalerite (s) also present. 
Reflected light; ppl; f.o.v. 	2.0 irn. 
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Fig. 4.18 	otornicrograph of Tverfjellet ore (sanle 78.H1.3). 
Porphyroblastic pyrite (white) in a ir.- ix of pyrrhotite (p) and 
chalcopyrite (c), and gangue (black). 
Reflected light; ppl; f.o.v. = 2.40 urn. 
Fig. 4.19 	Photomicrograph of Killingdal ore (sarrple 78.1<M.1). 
Porphyroblastic pyrite (white) and arsenopyrite (a), in a matrix 
of sphale.rite (dark grey), with minor galena (g) and chalcopyrite 
(c). 








Fig. 4. 20 	Fhotomicrograph of Killingdal ore (sample 78.M.2). 
Porrhyroblastic pyrite. (white) in a matrix of chalcopyrite (light 
grey) and sphalerite (dark grey, centre). 
Reflected light; ppl; f.o.v. = 2.40 mu. 
Fig. 4.21 	Photomicrograph of Kvi)ie ore (sample 78 . KVD .1). 
Porphyroblastic pyrite (white) with sphalerite (grey) and pore 
space (dark grey). 




r 	 - 
lillifilbih, 
Fig. 4.22 	A ground surface of Rostvangen ore (sale 77 .RD. 1) 
shing large pyrite porphyroblasts. 
Fig. 4.23 	Photomicrograph of Rcs tvangen ore (sam1e 78. RD .15). 
Note elongation of pyrite (white) and magnetite (grey) porphyro-
blasts. Gangue minerals - black. 
Reflected light; ppl; f.o.v. = 2.0 rrm. 
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display a sulfide sthistosity (Fig. 4.23) defined by elongation of pyr-
ite porphyr'oblasts (and to a lesser extent, magnetite when present). 
A cm-scale banding, reflecting variations in the concentration of por-
phyroblastic pyrite (or magnetite) may also be developed in higher-
grade ores (Figs. 4.24 and 4.25). 
On the basis of silicate mineralogy, the rrtarrcrphic grade within 
the Thondheim Nappe decreases about the central parts of the Gula Group 
(Fig. 2.1). As described above this pattern is reflected in the grain-
size of porphyroblastic pyrite in retarphosed volcanogenic sulfide 
deposits. The possibility that this rretaircrphic zonation results from 
a late retrogressive phenorrenon related, for instance, to thrusting at 
the base of the Trondheim Nappe must be considered. 
Such a process could account for the observed silicate and sulfide 
mineralogy and chemistry. The associated deformation would cause re-
crystallisation of pyrite porphyrlasts in deposits closest to the 
thrust zone, resulting in an increase in grainsize towards the central 
parts of the Gula Group. However, the localisation of the deposits 
along the 	lineation direction in their respective areas suggests 
that they have not suffered markedly different deformational histories. 
The rretarrrphic zonation within the Trondheim Nappe is therefore believed 
to be real, and not a result of any retrogressive phenomenon. These 
conclusions support the hypothesis, suggested in Chapter 3, that this 
zonation is related to deformation of isograds related to an early rreta-
rrrphic event associated with the Carnbro-Ordovician Troneim Orogeny. 
4.4.3 	Bulk sulfide chemistry. 
The deposits of the Gula, Storen, and Fundsj o Groups are dominantly 
of the Cu-Zn type. Fig. 4.26 illustrates the relative abundance of 
copper, zinc, and lead in these deposits based on average grades published 
in the literate (no data was found for the deposits at Kvikne). 
Fig. 4.24 	A ground surface of Killingdal ore (sample 78-KM-5) 
showing banded structure caused by variations in pyrite (light 
grey) and sphalerite (dark grey) abundances. 
Fig. 4.25 	A ground surface of Tverfjellet ore (sample 78.FM.7) 
showing banded structure caused by variations in pyrite (light grey) 
and magnetite (dark grey) abundances. 
103 
Cu 
Fig. 4.26 Average composi' 
(Grenne et al., in prep.), 
(Nilsen, 1978), Killingdal 









Sawkins (1976) suggested a world-wide classification of massive 
sulfide deposits. Those of dominantly mafic-volcanic association are 
referred to as "Cyprus -type" and are characterised by a general lack 
of lead, and Cu:Zn ratios >1. Less deformed examples commonly display 
a lithological association typical of ophiolite complexes (Fig. .27a), 
suggesting that they formed at sites of sea-floor spreading. Pearce 
and Gale (1977), on the basis of geological and geochemical evidence, 
favour a "behind-arc" environment for this spreading. 
Deposits of mixed felsic-volcanic and sedimentary association are 
known as "Kurokotype". A generalised cross-section showing the typi-
cal lithological setting is presented in Fig. 4.27b. Significant quan-
tities of lead (especially in Phanerozoic deposits), and Cu:Zn ratios 
<1 are characteristic of this ore type. By analogy with Recent tectonic 
environments it is suggested that such ores form in a volcanic-arc en-
vironment. 
A third type of massive sulfide deposit has been recognised by 
Sawkins (1976). "Besshi-type" deposits occur in structurally complex 
settings, characterised by thin mafic horizons in thick sequences of 
"geosynclinal" sediments (Fig. .27c). Deformation and metamorphism 
obscure the original tectonic environments of these ores. However, on 
the basis of major element geochemistry, Sugisaki et al (1972) suggested 
that the associated rrafic volcanics are similar to present-day mid-ocean 
ridge volcanics. They proposed that the volcanics were intruded into 
the sedimentary sequences during an episode of tensional rifting. In 
contrast Sillitoe (1972) preferred formation at a sub-marine spreading 
centre and tectonic incorporation into the sediments. Besshi-type ores 
are generally lead-free and have variable Cu :Zn ratios. 
On the basis of these observations, the lead-free nature of Lokken 
and Tverfj ellet, together with their high Cu: Zn ratios supports the 
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Fig. 4.27 Typical lithological settings of massive volcanogenic 
sulfide deposits. a) Cyprus—type; ) Kuroko—type; c) Besshi—type. 
(From Sawkins, 1976). 
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geological and geochemical evidence suggesting an origin at a submarine 
spreading centre. In contrast, the lower Cu Zn ratios and small, but 
significant quantities of lead at Killingdal suggest affinities with 
deposits of volcanic-arc environments. 
Sawkins (1976) classified the Gala nassive sulfide deposits as 
Besshi-type, on the basis of their lithological association. However, 
while the possible effects of alteration and high grade metamorphism 
have been emphasised, the geochemistry of the associated rrafic volcanics 
suggests that they represent original island-arc tholeiites. It is 
therefore possible that other Besshi-type deposits might reveal similar 
characteristics if their trace-elerrent geochernisla'ies were to be inves-
tigated. 
The association of massive sulfide deposits with island-arc 
tholeiites has not previously been recorded. However, both Mitchell 
and Bell (1973) and Sillitoe (1973) note the possibility that such an 
association exists, and suggest that the sulfide deposits would be 
characterised by metal contents similar to those of spreading-centre 
deposits. The basis for this hypothesis is the suggestion of Nicholls 
and Ringwood (1972) that island-arc tholeiites are probably formed by 
partial fusion, due to hydration, of the mantle wedge overlying a sub-
duction zone, while the calc-alkaline suite results from partial fusion 
of the subducted slab. While the processes of magma, generation at 
island arcs are now known to be more complicated, and less well under-
stood than previously believed (Graham, 1980), the depletion of light 
rare earth elements in island-arc tholeiitic magmas relative to the 
calc-alkaline suite does lend some support to this proposal. The high 
Cu :Zn ratio and negligible lead content of the Rostvangen deposits (Fig. 
4.26) appear to fulfil the predictions of Sillitoe (1973) and Mitchell 
and Bell (1973) with regard to the composition of massive sulfide depo-
sits associated with arc tholeiites. 
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4.4.4 	Sulfide mineral chemistry.  
Average sulfide mineral compositions for the five deposits investi-
gated are shown in Table 4.7. Analytical techniques and conditions are 
described in Appendix B, and individual analyses listed in Tables - B.4-B.9. 
In all cases chalcopyrite is approximately stoichiorrtric CuFeS 2 
with very low concentrations of other trace metals. PyrThotite con-
tains variable amounts of trace metals, especially lead which reaches 
a maximum of 0.4 wt% at Tverfjellet. Only in samples from Kvi}oie is 
nickel detectable in pyrrhotite, but even here cobalt is prevalent with 
a Co/Ni ratio of approximately 2. Pyrite has variable amounts of trace 
metals, notably lead (maximum 0.20 wt%) and Co (inaxiimim 0.26 wt%). Ni 
is never detectable indicating a high Co:Ni ratio (typical detection 
limits are shown in Table B.3). 
Galena from }Killingdal contains minor quantities of iron (average 
1.11 wt%) and trace amounts of silver (average 0.37  wt %), arsenic 
(average 0.12 wt%), and copper (average 0.11 wt%). The solubility of 
in galena increases with temperature (Boyle, 1968). However, the 
relationship has not been sufficiently well calibrated to allow its 
application as a geothermoirter. 
Arsenopyrite at Killingdal contains trace amounts of lead and 
cobalt. Clark (1960a and b) reported a temperature and pressure depen-
dence of the arsenopyrite (131) interplanar spacing, also related to 
the S :As ratio. However, the resulting geobarorrter (if temperature can 
be estimated independently) has been calibrated to only 2kb, and is not 
applicable to the S :As ratios obtained in this study (1.1:0.9) which 
suggest much higher pressures. 
Inspection of Table 4.7 indicates that the most obvious variable 
between the five deposits is the iron-content of sphalerite. Barton 
and Toulmin (1966) and Scott and Barnes (1971) drew attention to the 
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LOMM" TRFJZLLE7 NOSTVMJDZN 
Op Sc O Py Sc Cp 5 
3 55.25 34.93 35.57 53.45 39.37 34.43 33.72 55.55 35.5: 34.84 33.5 
Pr 0. If 0.05 C. 14 0.3.4 0.45 0.22 C. :5 6.15 0.14 6..3 0.10 
Fe 47.12 36.72 3.10 27.40 60.92 Si.i: 5.25 46.55 66.24 36.35 7.16 
Zr. 0.02 C.14 63.25 rid 0.63 0.04 52.02 rid 0.09 rid 55.64 
Cu C.16 33.76 6.19 0.06 C.IC 31.60 rid 0.06 0.3.0 34.35 6.22 
Ni rid rid rid rid no rid rid rid rid rid rid 
Ag rid rid rid rid rid rid rid rid nd rid rid 
Cd rid rid 0.22 rid rid 0.07 0.27 rid 0.10 rd 0.25 
Co 0.18 0.05 rid 6.26 0.12 0.06 0.03 0.3.4 0.05 0.05 0.03 
35i 0.03 rid rid ND ND NO ND rid rid rid 0.06 
As ND I  NED lED ND NO ND ND ND IC lED 
A:S 13:5 12:5 9:4 14:5 6:3 2F ic' ie. i'.c 'r., 
EEDLLThGDAL 2VIINO 
Py Sc Op SI On Apv Pv So Op Si 
9 53.47 39.25 34.59 33.45 12.97 21.95 53.40 32.97 32.86 31.45 
Pb 0.20 0.15 0.05 0.16 85.11 0.12 0.20 0.10 0.15 0.15 
Fe 27.20 60.69 30.76 7.96 1.11 35.78 46.69 60.80 30.46 7.85 
Zr. 0.05 0.10 0.11 56.74 rid rid rid rid rid 59.05 
Cu 0.07 0.07 33.62 0.08 0.11 0.06 rid 0.06 34.16 0,04 
Ni rid rid rid rid rid rid rid 0.03 rid rid 
Ag rid rid rid rid 0.37 rid rid rid rid rid 
Cd rid rid rid 0.22 rid rid rid rid rid 0.26 
Co 0.14 0.50 0.05 rid rid 0.12 0.05 0.06 0.03 rid 
ITh rid rid nd 0.13 rid rid rid rid rid 0.15 
As rid rid rid rid 0.12 41.85 ND ND TEED TEL 
A:S 25:5 15:5 15:5 10:5 42 513. 4 102 '-4 
EXPLA.NATI 013 
A:E number of analyses number of samples in average 
rid 	not detectable 
ITO 	no determined 
Apy 	a.rseriopyrite 
other symbols as in Sable 4. 
TABLE 4.7 Average compositions of sulfide phases in the Lokken, 
Tverfjellet, Killingdal, Rostvangen, and ivikne massive volcan-







relationship between FeS-content of sphalerite coexisting with pyrite 
and hexagonal pyrhotite and the dimensions of its cell edge, and 
hence to its potential use as a geobaroirEter. Subsequently, Scott 
(19 73) calibrated this sphalerite geobaroriter up to pressures of 
7.5 kb and demonstrated a temperature independence be-low 600 °C for 
pressures up to 5 kb. However, he interpreted the results of his 7.5 
kb to 8 kb runs as indicating both a temperature and pressure depen-
dence. Lusk et al. (1975) cast doubt on Scott's (1973) inferred 7.5 
kb solvus, suggesting that it was in fact T-independent. Scott (1976) 
conceeded this point and accepted a temperature independence, at least 
between 500 and 700°C. Lusk and Ford (1978) extended the calibration 
of the geobarorreter to 10 kb, where a teriperature independence was dem-
onstrated between 420 0C and 7000C. At higher temperature, a slight 
lowering of FeS-content with increasing temperature was noted. Fig. 
4.28 illustrates the variation in sphalerite composition in equi1Th 
rium with pyrite and hexagonal pyrrhotite as a fction of temperature 
and confining pressure. 
Scott and Barnes (1971) and Scott (1973) demonstrated that, of the 
minor elements commonly present in sphalerite, Cd and Mn have no effect 
on the calibration of the geobaroireter. Wiggins and Craig (1975), how-
ever, found Cu to be potentially effective in modifying the isobars. 
The sphalerites studied here contain a maximum, of 0.56 wt% Cu (Table B.7), 
and an average of 0.08 wt% (Table 4.7). The corrirron occurrence in ores 
of this type (but only rarely in this study) of exsolved blebs of 
chalcopyrite in sphalerite indicate a higher solubility of Cu at greater 
temperatures and pressures. Tou.lrnin (1960), however, demonstrated that 
solid solution of CuS in sphalerite was very srr.1l (<0.5 mole %) at tem-
peratures up to 6000C, and that solid solution of up to 1.5 mole % CuS 
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Fig. 4.28 Mole % FeS in sphalerites coexisting with pyrite and hex-
agonal pyrrhotite as a function of temperature and confining pressure. 
(From Lusk and Ford, 1978). 
effect on sphalerite-pyrite-pyrrhotite phase relations. Thus the FeS-
content of natural sphalerites buffered by pyrite and hexagonal pyrrho-
tite is a useful and reliable geobaroirter, with the possible exception 
of complications caused by the presence of Cu. 
Scott (1976) cited three criteria to be fulfilled for successful 
application of the sphalerite geobar'ometer. 
FeS activity mist be buffered by the assemblage pyrite + 
hexagonal pyrrhotite. while the presence of all three phases in a 
polished section is suggested as fulfillment of this criterion, mutual 
contact is preferred, especially at lower metamorphic grade (eenschist 
fades where it appears that S is relatively immobile, and FeS activity 
is variable over quite srr.11 distances (centiretres). Retrograde re-
equilibration of sphalerite "requires dissolution of FeS", a kinetically 
unfavourable process compared with exsolution, especially at coarse grain-
size (Scott, 1976). Such reactions would produce Fe-rich rim in sphal-
erites, a feature looked for but not recorded by Scott (1976) in meta-
morphosed massive sulfide deposits. However, an investigation of a num-
ber of Rostvangen sphalerites (Table 4.8) demonstrates that low-pressure 
re-equilibration has occurred. This process is considered further below. 
While the isobars are temperature independent over most of 
Fig. 1.• 28, for reliable estimates of confining pressure the temperature 
must be above the reversal in slope of the pyrite-hexagonal pyrrhotite 
solvus (265°C at 1 bar but not located at higher pressure - }Kissin and 
Scott, 1972; Scott and iKissin, 1973), and lower than the upper stability 
Limit of pyrite (73 0C at 1 bar and increasing by l °C/kb - Kullerud 
and Yoder, 1959). Furthermore, at temperatures above 550-700 °C the 
curvature of the isobars requires accurate determinations of temperature 
before reliable pressure estimates can be made. The pressure independent 
region of the calibration is illustrated on Fig. 4.28. In the southern 
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TABLE 4.5 Compositional zoning in Rostvangen sphalerites. 




472 12.33 13.44 
477 12.39 12.5' 
475 13.42 16.16 
479 12.15 12.95 
450 11.75 13.70 
45: 11.01. .17 
TABLE 4.9 
Killingdal, 
Summary of sphalerite geobarometry. 
Kvikne, and Rostvangen deposits. 
3 FeE 	573 35': 	1A: FREESUPE Kb 	SIT DCV 
Tverfjellet, 
:Aa1u: ?FIESuY 	JIt 
TVERFJCLLST 15.16 1.33 4.5 	 1.3 6.8 
}LLINGDAL 14.40 0.51 5.2 	 0.5 5.5 
KVIME 13.66 1.03 6.0 	 1.3 8.3 
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Fig. 4.29 P-T projection of sphalerite isopleths superimposed 
on the Al 2SiO 5  diagrams of Holdaway (1971) - solid line, and 










part of Thondelag kyanite is the aluinino-silicate polymorph occurring 
in the high-grade parts of the Gula Group (Fig. 2.1). Together with 
the frequent occurrence of staurolite recorded by Roberts (1968) this 
suggests that, even at high pressure, temperatures greater than 700 0  C 
were not attained (Winkler, 1976, Chapter 14). At lower pressures the 
occurrence of kyanite alone (Holdaway, 1971; Richardson et al., 1969) 
restricts the tererature to the teiierature-independent region of Fig. 
4. 28, as shown on Fig. 4.29. 
3) Accurate microprobe analyses of sphalerite are required for 
reliable pressure determinations. Both wavelength-dispersive and energy-
dispersive methods were used in this study. Description of techniques 
and conditions of analyses are presented in Appendix B, and analyses are 
listed in Table B7. 
Scott (1973) and Lusk and Ford (Lusk pers. corrm., 1979) calculated 
the mole % FeS of sphalerite directly from the iron analyses. This con-
vertion has been followed here. Equation (2) of Lusk and Ford (1978) 
has been used to calculate the pressures, as follows: 
P(kb) = 26.18 - 1.903 (mole % FeS) + 0.0309 (mole % FeS) 2 . 
4.4.5 	Application of the spha.lerite geobarorreter. 
Where possible, at least forty analyses of sphalerite were obtained 
from each deposit where it was found to coexist with hexagonal pyrrho-
tite and pyrite. The analyses were taken from as close to the centre 
of the grains as possible. At Lokken no pyrrhotite was found in any 
of the sanles, a feature reflected in the very low FeS-content of the 
sphaleriteS (Table 4.7). This deposit is not considered further in this 
section. Descriptions of the data from each of the remaining four depo-
sits follows and the results are sumarised in Table 4.9. 
4.4.5.1 I\'erfjellet - As shown in Table 4.6, of the sanples from 
Tverfjellet, three (Gl, G4, and G5) contained sphalerite, but only G5 
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contained more than trace amounts. This sample, however, contained no 
pyrrhotite., and of the others only G4 contained sufficient spha.lerite 
to obtain a small number of analyses. 
Fig. 4.30 includes analyses from samples G'-i. and Gb. The analyses 
fall into two groups. The first group (rrle % FeS <10.5) includes 
analyses from sample G5, which contaIried no pyrrhotite, while the second 
(mole % FeS >12.5) includes analyses from G4 where traces of pyrrhotite 
were present. The lower YeS content of sphalerites from G5 is consis-
tent with the observations of Scott (1976) with regard to sphalerite 
in contact only with pyrite, as compared with those buffered by both 
pyrite and pyrrhotite. The small number (10) of analyses from sample 
G, of which two are from sphalerites in mutual contact with pyrite and 
pyr'rhotite, show a very wide distribution indicating that a widespread 
equilibrium of the three phases was not attained. However, this group 
provides the best available estimate of rretairor'phic pressure, and indi-
cates a uan of 4.5 ± 1.3 kb as shown in Table Lj  .9. 
4.4.5.2 Killingda.i - The five samples of Kilhingdal ore investigated 
all contained sphalerite, and all but Gil contained more than trace 
amounts of pyrrhotite (Table 4.6). Fig. 4.31 illustrates that the analy-
ses fail into two groups. The four analyses with mole % YeS <12.5 are 
from sample Gil and probably indicate disequilibrium of sphalerite with 
pyrite and hexagonal pyrrhotite. Ignoring this group, the remaining 42 
analyses have a very tight distribution and indicate a man pressure of 
5.2 ± 0.5 kb (Table 4.9). The similarity between the distributions of 
sphalerite YeS-content of different assemblages (Fig. 4. 31) suggests 
that, in these samples at least, equilibrium was attained on a scale 
greater than adjacent grains. 
4. 4.5.3 Kvi}cie - Of the four samples from KviJme all but G19 contain 
greater than trace amounts of pyrrhotite and all contain sphalerite. 
Lii 	 pyrite 	pyrrhoti(e 
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Mole % FeS in Sphalerite 
Fig. 4.30 Frequency histocram of mole % 	 t FeS in sphalerites from the Tverfjelle deposit - . Fe—sulfides in mutual 
contact with the sphalerites are indicnt:d. 










Mole % FeS in Sphalerite 
Fig., 4.31 Frequencr histogram of mole 	FeS in sphalerites from 
the Killingdal deposit. Annotation as in Fig. 4.30. 
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Fig.. 4.32 illustrates that the 43 analyses have a broad distribution 
of FeS-content, indicating a mean pressure of 5.9 ± 1.1 kb (Table 
4.9). A similar distribution of FeS-contents is noted for sphalerites 
in irutual contact with different iron-sulfide assethlages, including 
analyses from sample G19. A relatively widespread equilibrium of 
sphalerite with pyrite and hexagonal pyrrhotite was therefore probably 
attained in this deposit. 
4•4•5•14 Rostvangen - Table 4.6 demonstrates that of five sa.rrples of 
Rostvangen ore studied all contain more than trace arrciiits of pyr'rho-
tite. As shown by Fig. 4.33, the sphalerite analyses have a wide dis -
tribution with regard to FeS-content. A mean pressure of 6.2 ± 1.4 kb 
has been calculated from these results. The similar distributions of 
FeS-contents of spha.lerites in equilibrium with different iron-sulfide 
asser±lages suggests a widespread equilibrium of sphalerite with pyrite 
and hexagonal pyr'rhotite. 
4.4.5.5 Discussion - In the preceeding sections it has been assumed 
that sphalerite has not suffered retrogressive re-equilibration. Scott 
(1976) argues that retrogressive re-equlibration of sphalerite with 
pyrite and hexagonal pyrrhotite is unlikely as it involves the kineti-
cally unfavourable process of "dissolution", but does not consider the 
possibility of re-equilibration during a later, prograde metamorphic 
event. That such "dissolution" occurs is beyond doubt as evidenced by 
the sharp increase in FeS-content of sphalerite as the pyrite-hexagonal 
pyrrhotite so1.nis is approached (compare the analyses of Lokken sphaler-
ites with those from the remaining deposits containing pyrrhotite - 
Table 4.7). Both the mean and irxisum pressures shown in Table 4.9 
indicate a higher pressure in the core of the Gula Group (IKivkne and 
Rostvangen) than in the flanking Storen and Fundsjo Groups (I\'erfjellet 
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Mole % FeS in Sphalerjte 
Fit. 4.32 
Frequency histogram of mole % FeS in sphalerjtes from the 
Kvikne deposit. Annotation as in Fig. 4.30. 
Mole % FeS in Sphalerite 
Fig. 4.33 Frequency histogram of mole % FeS in sphalerites from the 
Rostvangen deposit. Annotation as in Fig. 4.30. 
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geobarorrty. is recording, at least in. part the early, Cambro-
Ordovician 1rtaIrDrphism of the ondheim. Orogeny (Chapter 3). In 
which case it is possible that progressive re-équilibràtion with 
pyrite and hexagonal pyrrhotite occurred during the later, lower grade., 
Silurian rrtanorphism. 
A further possibility is that raised by Bristol (1979) who sugges-
ted that sphalerite re-equilibrates with monoclinic pyr'rhotite when 
this phase becomes stable below 253 °C. Such re-equilibration would 
result in decreased FeS-content of sphalerite (Scott and Kissin, 1973), 
such that anomalously high pressures would result from the application 
of the sphalerite-pyrite-hexagonal pyrrhotite geobarometer. As des-
cribed in 4.4.2 monoclinic pyrrhotite is comrnly present in the ores 
investigated here as an intergrowth with the more corruron hexagonal 
pyr'rhotite. 
If sphàlerite had suffered retrogressive re-equilibration with 
pyrite and hexagonal pyrrhotite two effects might be noticed: 
a zoning of sphalerite towards FeS-rich rims; and 
an increase in FeS-content of sphalerite cores with decreas-
ing grainsize. 
In contrast, if re-equilibration with monoclinic pyr'rhotite had occurred 
the opposite effects might be Observed. A zoning of sphalerites towards 
FeS-rich rims has already been described from Rostvangen (Table 4.8). 
During the microprobe analyses of sphalerites the approximate aver-
age dimsns ion of the individual grains was noted. As sphalerite is com-
plexly intergrown with pyr'rhotite and chalcopyrite in a matrix to pyrite 
porphyrob lasts, its shape is conuronly irregular and only very general 
estimates of the "average dirrensiOfl' t were possible. 
Figs 4,34 presents scatter plots of mole % FeS in. sphalerite against 
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Fig. 4.34 Scatter plots of mole % FeS in sphalerites against grairisize for the Tverfjellet, Killingdal, 
Kvikne, and flostvangen deposits. 
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characterised. by diffuse; negative correlations. Together with the 
evidence of zoning in.Rostvangen sphalerites, this data suggests that 
these ores have re-èqüilibrated from higher pressures , in equilibrium 
with pyrite and hexagonal .pyrrhotite, during the low-grade Silurian 
rrtanrphic event In contrast re-equilibration with monoclinic pyrrho-
tite does not appear to have been an important process. 
The Xii lingda.l scatter plot reveals no co±'relat ion between grain-
size and corrposition of sphalerite. This is possibly explained by 
investigation of Fig. 2.1, where it is deirbnsated that the higher 
parts of the Eastern ftondelag succession are at higher 'metamorphic 
grade than their Western Thonde lag correlatives.. It may be, therefore, 
that in the vicinity of Killingdal there was little difference in 
pressure conditions between the early Canibrb-Ordovician metamorphism, 
and the later Silurian event. This would be reflected in the Very 
narrow limits of sphalerite boliposition, and in the lack of any corre-
lation between composition and grainsize 
In conclusion, the man value for. the pressures calculated from 
Xillingdal sphalerites may represent a close approximation to the con-
ditions prevalent during both the Canbo-Ordovician metamorphism assoc-
iated with the Trondheim Orogeny, and the more widespread Silurian 
rretanorphic event. In contrast, the man pressures calculated from 
'I\ierfjellet, Kvi}cie, and Rostvangen, probably represent an attempt to 
re-equilibrate frii higher pressures during the Silurian event. The 
maximum pressures, relating to greatest grainsize , may give a better 
estimate of the pressure conditions ambient during the Carrbro-Ordovician 
Trondheim Orogeny.  
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4.5 Conclusions and Regional Implications. 
	
4.5.1 	Metamorphism 
Consideration of ore textures reveals that grainsize of porphyro-
blastic pyrite is greatest in deposits lying in the central parts of 
the Gula Group. This observation, together with the overall elonga-
tion of the orebodies along the D 1-lineation direction suggests that 
the metamorphic zonation displayed by the Trondheim Nappe is real, and 
not an effect of retrogression, related for instance to thrusting 
associated with nappe emplacement. 
Application of the sphalerite geobarometer indicates mean pressures 
of 4.5, 5.2, 6.0, and 6.2 kb for the Tverfjellet, Killingda.l, Kvikne, 
and Rostvangen deposits respectively. The higher pressures obtained 
from deposits in the central parts of the Gula Group suggest that these 
values relate to the Caithro-Ordovician Trondheim Orogeny. However, on 
the basis of variations of composition with grainsize, and an increase 
in FeS-content towards the rims of sphalerite grains, it is suggested 
that the sphalerite may have re-equilibrated slightly during the lower-
grade main Scandinavian Orogeny. 
4.5.2 	Geochemistry 
While accepting the limitations imposed by the reconnaissance 
nature of the geochemical investigations, and the possible modifications 
of primary geochemical patterns by element mobility during metamorphism, 
the following observations are made. 
The trace element abundances of the Gula airiphibolite horizons have 
affinities to those of low-K tholeiites of island arcs. The association 
of massive sulfide deposits with volcanics of this type has not pre-
viously been recorded. However, the average composition of the Rostvangen 
deposits is consistent with the predictions of Mitchell and Bell (1973) 
and Sillitoe (1973) that such ores would have a similar bulk chemistry 
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to those formed at mid-ocean ridges. On this basis, the Gula Group 
might tentatively be interpreted as part of a fossil volcanic-arc 
system. 
Abundant granitic intrusives are normally associated with arc 
systems. While such lithologies are common in the Trondheim Nappe 
as a whole, their occurrence in the Hovin and Horg Groups, and their 
eastern correlatives, suggest that they are related to the Silurian 
main Scandinavian Orogeny .  The apparent lack of any granitic intru- 
sive activity in the Gula Group, uniquely associated with the Cambro-
Ordovician Trondheim Orogeny is a conspicuous problem in interpreta-
ting the Gula Group as a fragment of a fossil volcanic-arc system. 
However, Jenks (1971) drew attention to the possible effects of 
early volcanic-arc development in "a tectonically active geosyncline". 
Gravitational instability results from the deposition of dense, mas-
sive volcanics onto less dense, poorly consolidated sediments. Such 
a system would be susceptible to detachment and gravity sliding, such 
that the early-arc volcariics may become separated from their source 
region. Such a process might explain the lack of any granitic intru-
sives within the Gula Group uniquely associated with the Trondheim 
Orogeny; and the association of the Gula metabasics of island-arc 
tholeiitic affinity with an apparently largely sedimentary sequence 
(although the possibility that a proportion of the less-mafic Gula 
lithologies represents original intermediate and more evolved volcanics 
has also been discussed). In similar fashion, massive sulfide deposits, 
originally associated with the volcanics, might become separated from 
their host rocks, thus explaining the Gula deposits with no apparent 
spatial relationship to amphibolite horizons. Subsequent metamorphism 
and deformation would obscure original relationships still further. 
While the complete lithological association which characterises 
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an ophiolite cplex (Fig .27a) is not present,, the. predominance 
of mafic, commonly pi1.ied, volcanics in the StOrén. and Funds jo 
Groups, and their extensive strike length, suggest an origin at a 
submarine spreading centre Gabbros and ultrarrafics are, however, 
present as tectonically emplaced bodies within the metavolcanics. 
The close association with limestones ard pyroclastics implies depo-
sition in a shallow water environment. 
Geochemical investigations of the Sten and Pundsjo netabasics 
are not inconsistent with these proposals. Similarities to both IV-  
type mid-ocean ridge basalt and marginal-basin basalts have been des-
cribed, although a common depletion in Nb might favour a marginal-
basin origin. While the average bulk-sulfide composition of the 
Lokken and Tverfjellet deposits are in agreement with these observa-
tions, the composition of Killingdal ores bears closer resemblance 
to deposits of volcanic-arc association. 
In Chapter 3 the Cambro-Ordovician ondieim Orogeny, which 
affects only the Gula, Storen, and Fundsj o Groups, was tentatively 
correlated with the Grampian Orogeny in Scotland, and the Finnmarkian 
Orogeny of northern and southwestern Norway. Wright (1976) and Lambert 
and McKerr (1976) have presented speculative attempts to relate the 
Grampian Orogeny to suuction processes. 
Lambert and McKerr (1976) proposed a model involving the sub-
duction of an active spreading system, suggesting that such a process 
would explain many of the sedimantalogical, volcanological, structural, 
and metamorphic features of the Lcwer Palaeozoic and earlier successions 
of the northern and northwestern British Isles, Wright (1976), however, 
drew attention to the abundant basic volcanics (the Tayvallich volcan-
ics) in the Upper Dalradian, which, although they have. normal mid-ocean 
ridge affinities (Graham, 1976), cannot represent slices' of oceanic 
128 
crust as they lie.ina.sequence of coarse, shallow water quartzites. 
He regarded them as marking the "opening stage" of a marginal basin 
and suggested that the intrusion of the Aberdeenshire gabbros might 
represent a similar event. He concluded that the Grampian Orogeny 
marks the closure of such a marginal basin. 
The evidence from the Gula, Storen, and Fundsjo Groups could be 
regarded as consistent with both of these models. Ridge-trench 
impingement might involve a volcanic arc (the existence of which is 
now recorded by the Gula Group) above the subduction zone, and would 
also account for the lithological association of the Storen and Fundsjo 
Groups, in which pillow lavas are interlayerd with shallow-water 
sediments together with the more typical authigenic sediments associa-
ted with deeper-water volcanics. With regard to Wri's (1976) 
model, the most obvious requirement for a marginal basin is an asso-
ciation with a volcanic arc (now recorded by the Gula Group), proxi-
mity to which could result in the assemblage of rock types character-
istic of the Storen and Fundsjo Groups 
Whatever the processes involved in the Trondheim Orogeny, the 
considerable strike length, and dip length (see Pig. 3.9) of the con-
tact between the Gula Group (at least closely associated with a vol-
canic arc) and the Storen and Fundsjo Groups (of submarine spreading 
centre origin) probably requires their juxtaposition by tectonic pro-
cesses. Such processes 'night also have been responsible for the sep-
aration of the Storen and Fundsjo Group volcanic sequences frcn the 
ophiolitic assemblage with which they were probably originally asso- 
ciated. 
No evidence for a thrust contact between the Gula and the Storen 
and Fundsjo Groups has been observed in this study. A possible explan-
ation might be the common occurrence of phyllitic lithologies on the 
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contacts (the Undal and Asli Formations) and the effects of subsequent 
deformation as sociatedl with the main Scandinavian Orogeny. However, 
Guezou (1978) has mapped a "tectonic contact" between the Gula Group 
and the overlying metavolcanics in the Dombas-Lasja area. Furthermore 
Strand (1951) and Roberts (1967) have recorded "slide zones" close to 
the margins of the Gula Group in central Thondelag, while Gale and 
Roberts (1974) point to an increase in strain upwards through the Gula 
Group towards the boundaries with the Storen and Fundsjo Groups as 
further evidence for a "conjunctive" tectonic contact. 
Following the Trondheim Orogeny, the Hovin and Horg Groups, and 
-their eastern correlatives, were unconforrrbly deposited on the eroded 
remains of the Gula and Storen/Fiiidsjo Groups. On the basis of their 
lithological assemblages, most authors agree that these units origin-
ated in an Ordovician to Silurian island arc-marginal basin palaeo-
environnnt (Gale and Roberts, 1974; Gee, 1975b; Vokes and Gale, 1976; 
Roberts, 1978). 
The existence of a Caledonian ocean, known as the Iapetus Ocean, 
separating the Baltoscandian and Greenlandian continental platforms  
during the early Lower Palaeozoic, is now widely accepted (e.g. Gale 
and Roberts, 1974; Gee, 1975b). North Arican faunal assemblages in 
the Lower Hovin Group (Berry, 1968; Neuman and Bruton, 1974) suggest 
derivation of the entire Trondheim Supergroup from the Greenlandian 
continental margin. Allochthonous units of lower tectonic level 
(Western Complex and Offerdal Nappes) were derived from the Balto-
scandian margin (Gee, 1975b). En-placement of the nappe pile onto the 
Baltoscandian platform took place during the Silurian to Devonian 
main Scandinavian Orogeny, as a result of closure of the Iapetus Ocean 
(Gee, 1975b). 
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NICKEL. - COPPER SULFIDE MINERALISATION 
Within the Gula Group a small number of basic intrusions have been 
recorded; they may be divided into two lithological groups - irtagabbros 
and ultrainafics. These bodies are occasionally associated with nickel-
copper sulfide mineralisation and have been subject to varying degrees 
of exploration activity during the nineteen-seventies. The various in-
trusions are listed and classified in Table 5.1, and their locations 
indicated on Map 2. 
Nilsen (19 714)  carried out a detailed 'petrological investigation 
of the intrusions occurring in that part of the Gula Group outcropping 
to the south of Storen. On the basis of a) the close spatial associa-
tion of both the netagabbroic and the ultrarrafic bodies with the Gula 
amphibolitic horizons, and b) an apparently continuous chemical trend 
onanAFM diagram (ANa2O+K2O,F=Fe0,M=MgO),hesuggested 
that the intrusives are genetically related to the amphibolites. He 
proposed that they represent ult'amafic and mafIc currulate fractions, 
separated from a tholelitic basic magna by crystal fractionation, and 
subsequently extruded together with the basaltic liquid as cognate 
xenoliths. 
The only intrusion considered in this project and not included in 
Nilsen' s (19714) study is the Skjaekerdalen iretagabbroic complex in 
northern Thondelag. Petrological descriptions have been provided by 
Carstens (1958) and Lovas (1970). Lovas (1970) also investigated the 
associated sulfide mineralisation by geophysical techniques. 
Although small workings are usually present where these intrusions 
are associated with sulfide mineralisation the only substantial pro-
duction has been from the Skjaekerdalen complex where 18750 tonnes of 
ore, averaging 1.26% Ni and 0.63% Cu, were ctracted.betweén 1876 and 
Intrusive Body Type Mineralised? 
Vakkerlien Metagabbro Yes 
Olkar Metagabbro Yes 
Gardsjoen Metagathro Yes 
Skjaekerdalen Metagabbro Yes 
Undal Meta.gabbro No 
Haukfj ellet Metagabbro No 
]<altberget U1ama1ic Yes 
Ietten UTh'amafic Yes 
Graho U1anafic No 
Plassbekken U1Uanafic No 
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Table 5.1 	Mafic and Ultranafic intrusions in the Gula Group. 
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1891. Descriptions of the operations have been provided by A. S. 
Bachke (1880) and Rosenlund (1915). • The Only Other notewOrthy con-
centration of ore, so far defined is at VaJcke±'lieh where an orebody 
of 379807 tonnes, averaging 1.08% Ni and 0.39% Cu, has been outlined 
using a 0.4% Ni cut-off (Chapter 1). 
This chapter presents brief descriptions of the field relations 
and petrology of the various intrusions, paying particular attention 
to sulfide mineralisation where present. Various aspects Of silicate 
mineral and bulk chemistry are described, and a discussion on the ori-
gin of the sulfide mineralisation is presented. 
Throughout this chapter, and Chapter 6 sulfide mineralisation 
will be described according to a two-fold classification involving ore-
type, and ore-grade. 
The ore-type is defined by the textural relationships between the 
sulfide and silicate phases as follows: 
Interstitial ores - where the geometry of sulfide/silicate 
grain boundaries is controlled by silicate minerals. 
Globular ores - where the sulfides form rounded globules 
in a silicate matrix. 
Breccia ores - where sulfides brecciate silicates. 
Fragmental ores - where silicates brécciate sulfides. 
The ore-grade is defined by the proportion Of sulfide to silicate 
phases present as follows (from high grade to low grade): 
Massive - >50% sulfides. 
Matrix - 25-50% sulfides. 
Disseminated -. 2-25% sulfides. 
Finely disseminated - <2% sulfides. 
Small veinlets presnt problems of scale U. e'.' they may be massive 
on a mm or cm scale, but on a larger scale cannot be regarded as such). 
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They are therefore classified as 
5.. 	Stringer ore.. 
In an attenpt to avoid inconsistencies due to selective sectioning, 
the classification has been applied to hand specirrns rather than to 
polished or thin sections. It is,, however, accepted that san1ing from 
duns and drill-core does not allow a totally fuliproof application. 
5.1 Field Relations And Petrology. 
501.1 	The iretagabbros. 
5.1.1.1 Vakkerlien - The Va)ckerlien ntágabbro is situated in poorly 
exposed rru.skeg terrain above the western slopes of the valley of the 
River Orkla, and approxinately 5 km southwest of the village of Kvikrie 
(Map 2). It has been the subject of extensive investigation by A/S 
Sulfidnaim, and has been studied in considerable detail .by Thonpson 
(1978). 
The intrusion consists of two sub-parallel elongated gabbroic bodies 
known as the Main Body and the Second Body (Fig. 5.1)... On the basis of 
present knowledge, only the Main Body is associated with economically 
significant mineralisation. 
The Main Body may be described as an elongated, lens,, 1250 m in 
length, of elliptical cross-section with average dinensions 40 x 80 m. 
It is exposed at its NW end and plunges at about t+0 -tards the SE, 
where it attains a depth of about 40 m (Fig. 5.2). The direction of 
elongation is parallel to the D1-lineation direction in the area. The 
voluire of sulfide mineralisation is centrally positioned within the 
ntagabbro having average cross-sectional dinnsions of 25,x 5 m. The 
body is -ncated to the SE by a trondhjeniite intrusion as shown in 
Fig. 5,2. 
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F Fig. 5.1 Geological map of the area around the Vakkerljen metagabbro 
bodies. (Taken from Thompson, 1978). 
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Fig. 5.2 Cross-sections through the Vakkerlien Main Body and ore zone 
(from Thompson, 1978). 
Profile 550S 
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(Fig. S. 1) and from available surface and drilL-core data has a 
similar size, shape, and orientation to the Main Body. 
The country rocks consist dominantly of pelitic schist with 
minor caic-silicate-bearing layers. The scbists are barren of sul-
fides. 
The large ñunber of drill-core intersections through the Vakkerlien 
Main Body enabled Thonpson (1978) to investigate lithological and chem-
ical variations throughout the intrusion. He describes two major rock 
types, which he names Yletagabbro and Ultramafic; both have altered and 
deformed counterparts. 
Metagabbro, constituting approximately 50% of the body, consists 
dominantly of plagioclase (>19%, but generally in the range 14060%), 
and arrhibole. Accessory minerals are quartz, calcite, biotite, 
chlorite, epidote group minerals, sphené, rutile, sericite, and sul-
fides. The grainsize of major minerals varies between 1 and 6 nun 
(largest dimension). Amphiboles are conmDnly zoned from brown pleo-
chroic cores to pale green, weakly pleochroic margins. Plagioclase 
20 to An6o 
 is generally untwinned and often saussuritised. In 
deformed varieties a distinct foliation develops, which, together with 
a mineral reorystallisation may result in a fine-grained, foliated rock 
with some apparent mineral segregation. In such lithologies chlorite 
and biotite may be present (<10%) and, together with arrhibole, these 
define the foliation. Plagioclase forms a granoblastic groundinass 
commonly with minor quartz. 
Ultranafic lithologies make up the remaining 50% of the body, and 
are defined by a plagioclase content of less than 10%... The mineralogy 
is dominated by amphibole and chlbrite which show* complete variation 
in proporrtions. A foliation is conianly present, especially in chlorite-
rich samples. Amphibole occurs as well formed, coirumDnly zoned 
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porphyroblasts up to 0.8 mm across in a fine grained chlorite, airphi-
bole 'oundiriass Talc may be present in the more-chlorite-rich litho-
logies. Accessory minerals include quartz, biotite, plagioclase, sphené, 
rutile, and sulfides More deformed varieties are characterised by a 
better developed foliation and by a decrease in the proportion of anphi-
bole porphyroblasts. Biotite becomes increasingly lirportant, generally 
forming 20-30% of the rock, although at irregular intervals, well 
defined shear zones consisting of up to 80% biotite occur. 
In the margins of the Main Body xenoliths of country-rock schist 
are common (up to 20% by volume). Close to the rretagabbro/schist con-
tact, schist xenoliths predominate. In addition a number of biotite-
rich ultramafic inclusions occur. Such ultramafic inclusions are also 
found in the rrcre gabbroic lithologies in the main part of the body. 
Although accepting the limitations of drill-core observations, Thompson 
(1978) uses these varied xenoliths as evidence for a magma-tic intrusion 
of the original gabbro. 
Drill-hole profiles across the Vakkerlien Main Body (Fig. 5.3 a, 
b, and c) show a broad variation from ultramafic in the SW to ireta-
gabbroic lithologies dominant in the NE. In general the more deformed 
lithologies occur at the contacts with country rock schists, and bet-
ween the different intrusive rock-types. 
Lithologically the Vakkerlien Second Body is similar to the Main 
Body, except that ultramafic types more commonly contain siüficant 
amounts of talc and carbonate.. Fig. 5.3d shows. a drill-hole profile 
across the Second Body, and illustrates a similar distribution of litho-
logical types to that noted in the Main Body. 
According to available data, sulfide mineralisation of Vakkerlien 
is restricted to the Main Body ,.where a centrally located orebody of 
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Fig. 5.3 Drill-hole profiles through the Vakkerlien Llain Body (a,b, and c) and Second Dody (d) showing lithol-
ogical variation and position of sulfide mineralisation, as indicated by Ni- -issayG (rcdrn'vm rrorn Thompson, 1975). 
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a 0.4% Ni cutoff. No clear relationship has been found between host-
rock litholo, and the position of the mineralisation, which is hosted 
by both u1traimfic rock-types and ntagabbro (Fig. 5.3). 
Thompson (1978) defines three ore types from Vaic.kerlien. 
vein sulfide" occurs as discrete veins up to 30 cm 
in width, carrying angular cla.sts of the host rock. According 
to the classification used in this study, and defined in the 
introduction to this chapter, these are Massive-Breccia. ores. 
"Disseminated sulfide" is characterised by sulfide, com-
prising 5-40o of the ore, interstitial to metagabbro or ultra-
mafic silicate phases. According to Thompson (1978) the "host 
rock for disseminated sulfides, whether metaga.bbroic or ultra-
mafic, was consistently undefonid, the amphiboles occurring in 
random orientation". This ore-type is classified here as 
Disseminated- or Matrix Interstitial are depending on the pro-
portion of sulfide to silicate present. 
"Stringer ore" often occurs in "sheared and altered rock 
types", and is cciunonly associated with Mass ive-Breccia ores. 
Such ore is similarly classified here as Stringer are 
The sulfide phases in Vakker lien ores are dominated by pyrhotite, 
pentlandite, and chalcopyrite, with minor amounts of pyrite and traces 
of gersdorffite. Pyrrhotite to pentlandite ratios vary from 10:1 to 
3:1 with an average of 5:1. Pyrrhotite to chalcopyrite ratios vary 
widely from 1:25 to 25:1 in extrei cases. Typical interstitial sul-
fide is shown in Fig. 5.4. Pyrrhotite forms irregular grains of vary -
ing size up to a maximum of about 5.0 rrun.. Occasionally a recrystalli-
sation to textural equilibrium with 1200 grain-boundary intersections 
was noted. Using a magnetic colloid (Scott, 1974) the pyrrhotite was 
identified as dominantly monoclinic, with rare grains of the hexagonal 
phase. 
Fig. 5.4 	Riotani'ograph of Vakkerlien Interstitial ore 
(sample 75/27/10.40). Blocky interstitial pentlandite (white) 
in pyrrhotite (grey). Silicates - dark grey. 
Reflected light; ppl; f.o.v. = 1.92 nun. 
Fig. 5.5 	Photomicrograph of Vakkerlien sulfides (sairple 
75/27/6.20). Fntlandite exsolution flans in pyrrhotite. 
chalcopyrite occurs between two grains of pyrrhotite on right 
of field of view (c). 
Note approximately 1200 grain-boundary intersection at bottom 
right. 
Reflected light; slightly uncrossed nicols; f. o.v. 	0.38 mm. 
Fig. 5. 16 	Photomicrograph of Olkar sulfides (sanpie 77/2/14.90). 
A euhedral grain of cobaltite in pyr'rhotite, with pent landite (liit 
grey and chalcopyrite (c). Silicates - black. 
Reflected light; ppl; f .0 • v • 	0.38 mm. 
Fig. 5.17 	Photomiograph of Olkar sulfides (sample 77/3/8.65). 
A nolybdenite lath (centre) in pyrrhotite (grey) with tiny pentlan-
dite flames (light grey). Silicates - black. 
Reflected light; f.o.v. 	0.38 mm. 
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Pent landite. occurs as blocky grains up to .0.5 mm across, 
commonly interstitial to pyrrhotite '(Fig. 5 	Minor quantities 
of pentlandite occur as exolution flans (Fig. 5.5) within pyrrho-
tite grains, characteristically parallel to (0001). 
Ch.alcopyrite Occurs as discrete, generally rounded blebs, 
commonly located at pyrrhotite/pe.ntlandite grain boundaries or at 
pyrrhotite/silicate grain boundaries. Cb..alcopyrite displays much 
greater concentrations at the margins of massive veins, and in stringer 
ores, where it may be the dominant sulfide mineral. 
Pyrite forms irregular grains interstitial to pyrrhotite, and, 
according to Thompson (1978), constitutes less than 5% of the sulfide 
ore as a whole. A small number of euhedral grains of gersdorffite 
(<0.2 mu) have been recorded, in general included within pentlandite. 
(Fig. 5.6). Thorrpson (1978) irentions the presence Of violarite as 
an alteration product of pentlandite, but this phase has not been 
recorded during this study. 
Apart from the variation of chalcopyrite ,bonosnation, little 
difference in sulfide mineralogy and microtextures exists between the 
different ore-types. 
5.1.1.2 Olkar - The OBcar rretagabbro is situated approximately 
kin to the SE of Kvi}me (Map 2), It is poorly exposed in the banks of 
the River Orkia, and has been the subject of limited exploration acti-
vity by A/S Sulfidmaim. 
From limited exposure along some 300 m of river bank, and from a 
single NE-SW drill-hole profile consisting of five holes (Fig. 5.7), 
the Olkar body appears to consist of a series of discrete lenses of 
ntãgabbro enclosed in a. black, graphite- arid pyrrhotite-bearing schist. 
Little is kncn about its lateral extent, but geophysical anomalies 
suggest a NW-SE elongation parallel to the' regional D1-lineation 
Fig. 5.6 	Photomicrograph of Vakkerlien sulfides (sanpie 
75/27/6.20). Eifriedra1 gersd'ffite in pentlandite. Silicates 
and pits - black. 

























































































































direction in. this area.. The' possibility that the. Various intersections 
of ntàgabbrô illustrated in Fig. 5.7 may be related. by complex iso-
clinal folding raist' also be considered. Sulfide ,ininerálisation occurs 
at, or close to, the upper and lower margins of the' rreta.gabbrbic lenses. 
The Olkar metágabbrb is rich in xenoliths, dominantly of octn'y-rock 
schists, and varying from the nun- to the 10 rn-scale. Such xenoliths 
present obvious problems to drill-core logging and may be responsible 
for the lenticular appearance of the metagabbro in Fig. 5.7. A typical 
exanle of a srr.0 schist xenolith is shown in Fig. 5.8. 
The rrtágabbro is similar to that at Vakkerlien, being dominated 
by plagioclase and amphibole in about equal proportions. Accessory 
minerals are quartz, zoisite, epidote, bibtite, zircon, sphene, chlor-
ite, and sulfides. The anphibole occurs as subhedral grains of aver-
age dimension 0.75 mm, but less than 1.5 irun, usually having irregular, 
ragged edges, and containing numerous inclusions of all other mineral 
components of the rock. They' are commonly zoned from a brown pleo-
cbroic core of moderate birefringence , to a pale green, slightly pleo-
chroic rim of high birefringence. Plagioclase is commonly untwinned, 
and shows a well developed granoblastic texture occasionally with quartz 
(less than 1.0 urn and average 0.3 mm). A foliation is ocrrurünly obser-
ved, defined by a preferred orientation of amphibole which nay also be 
lineated parallel to the regional D 1-lineation direction. In more de-
formed varieties biotite, generally with preferred orientation, increa-
ses in importance and nay become the dominant mineral phase. 
Occasionally smell ularnaf Ic pads occur within the iretagabbros 
(Fig. 5.9).' They may be several centiuees in. largest dimension, and 
are similar in jninera1o' and texture to the iretagabbro, except for a. 
plagioclase content of less than 10%, and, a somewhat larger amphibole 
grainsize '(average 1.0' rrun). 
Fig. 5.8 	A ground surface of Olkar ntaga.bbrb (sanpie 76.135) 
with sulfide stringer, and schist xenolith (outlined). 
Fig. 5.9 	A ground surface of Olkar ntagabbro (sanpie 76 .106) 
with ultramafic xenolith (centre). Light coloured patches in the 
xenolith are specular reflections from anphibole cleavage surfaces. 
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Sulfide mineralisation .at Olkar is concentrated. at, or close to 
the upper and lower margins of the gabbroic lenses. It occurs as mas-
sive veins or lenses', which 'carry fragrrents of the host silicate rocks 
as shown in Figs. 5.10 and Fig. 5.11.. These ores are therefore clas-
sified as Massive-Breccia ores'. Stringer, Matrix,, Disseminated and 
Finely Disseminated Breccia and Interstitial ores also occur and are 
commonly closely associated with the more massive ores, or with xeno-
liths of country-rock schists (Fig. 5.8). 
The mineralogy of the 'Sulfides at Olkar is dominated by pyrrhotite, 
pentlandite, and chalcopyrite. Pyrite,' cobaltite, rrülybdenite, violar-
ite, and marcasite also occur. Pyrrhotite to pentlandite ratios are 
variable but average approximately 20:1, while chalcopyrite may be ab-
sent (as may be the case in the central parts Of massive lenses), or 
it may be the dominant sulfide present (cormrnly at the margins of 
massive lenses, and in fine stringers). 
Hexagonal pyrrhotite is the dominant sulfide mineral' (monoclinic 
pyrrhotite occurs in minor amounts)., with pentlandite occuxting inter-
stitially and as flame-like exsolutions within it (Figs. 5.12 and 5.13). 
Occasionally an elongation of pyrrhotite grains can be observed as shown 
in Fig. 5.114. Pyrite replaces pyrrhotite along fractures and grain 
boundaries (Fig. 5.15) and is therefore probably of secondary origin. 
Cobaltite has been observed rarely as small, euhedral grains (<0.05 rrtm) 
within pyrrhotite (Fig. 5.16). A single lath of rrolybdenite (0.2 rrffn 
in length) has been recorded (Fig. 5.17). The alteration of pyrrhotite 
to marcasite., and of pentlandite to violarite is the result. of super-
gene processes, and is especially noticeable in surface samples. 
5.1.1.3 Gardsjoen' - The Gardsj oen showing lies to the west of 
Orkladalen', some 10 kin NW of KviImé (Map 2).. The locality consists of 
a 10 x 5 m trenah' cut into a NW-facing slope, together with a dump of 
Fig. 5.10 	A ground surface of Olkar Mass ive-Brecia ore 
(sample 77/2/14.80). .80). The sulfides (light) carry angular fragrnts 
of rretagabbro (dark). 
Fig. 5.11 	Photomicrograph of Olkar Massive-Breccia ore 
(sanle 77/1/6. 60a). A frarnt of imtagabbro (anphibole, 
chlorite, and plagioclase) in sulfide (black). 
Transmitted light; ppl; f.o.v. = 0. 1+0 rim. 
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Fig. S. 12 	Photomicrograph of Olkar sulfides (sarr1e 77/2/14.90). 
Blocky pentlandite (lightgrey) interstitial to pyrrhotite. (dark 
grey), with rnincr chalcopyrite (0). 
Reflected light; ppl; f.o.v. = 0.38 mit. 
Fig. 5.13 	Photomicrograph of OJJcar sulfides (sairle 77/2/14.90). 
Blocky and flair pent1ar.ite (light grey) in pyrrhotite (grey). 
Reflected light; ppl - oil immersion; f.o.v. = 0.12 rrn. 
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Fig. 5.14 	Photomicrograph of Olk.ar sulfides (sale 77/3/8.65). 
Elongated pyrrhotite gnains in Singer ore. 
Reflected light; crossed nicols (x Ni); f.o.v. z 2.40 mm. 
Fig. 5.15 	Photomicrograph of Olkar sulfides (sanpie 77/2a/4.85). 
Pyrite replacing pyrrhotite along grain boundaries. Occasional 
subhedral grains (e.g. bottom rig -it) suggest a ntancrphic rather 
than a supergene origin. 
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excavated material. . Sulfide. mineralisation in the durrip, and rarely 
in the: walls of 'the: trench appears to be'. hosted' by'. a .xenblithic 
rrtgabbrb similar to that at Olka±. Detaile&exanination of the 
trench and limited adjacent exposure suggests that the rretagabbro is 
surrounded by a large tondhj émitic mass. The possibility that the 
ntagabbro has an elongated form dipping SE wards into the hill, par-
allel to the regional lineation, nay be discounted by' the lack of geo-
physical evidence. The Gardsj oen' showing is therefore thought to be 
a xenolith, of limited but uncertain extent, and consisting of a min-
eralised xenolithic rretagabbro. 
The rrtagabbroic host rock is similar to that at Olkar and Vakker-
lien except that a poikilitic texture, in which large plagioclase 
grains (<4.0 mm) surround and include zoned amphiboles, is dominant. 
Occasionally, less nafic varieties' occur in which plagioclase may form 
up to 80% of the rock. This may be the result of assimilation of the 
gabbro by the enclosing troni.j emite. 
Examination of the ore has been restricted to surface and dung 
samples only, and has revealed Matrix- and Disseminated-Breccia ores. 
The mineralogy is dominated by pyrrhotite (both hexagonal and monoclinic, 
and forming approximately 90% of the sulfide phases' present), with lesser 
and variable amounts of pentlandite and chalcopyrite.' Textures are sim-
ilar to those described from Va)ôcerlien and Olkar. Supergene altera-
tion has resulted in the extensive replacement of pyrrhotite by marcas-
ite, and pentlandite by violarite. Traces of probably secondary pyrite 
have also been recorded. 
5.1.1.4 Skjaekerdalen - The Skjaekerdalen intrusive. coirplex is sit-
uated' in the northernmost part of the Thondelag region. The complex 
is intruded into the central parts of the: Gula Group approximately 3 kin 
north Of Helgaadalen as shown on Map 2. 
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The intrusion may be .described as a lenticular body, elongated 
in a. NE-SW direction, with axial dimensions of 6 x 2 km. The complex 
has a central core of ntagabbroic breccia surrounded by an aureole 
of unbrecciated matàdiorite (Fig. 5.18). The sulfide mineralisation 
is restricted entirely to the matagabbroic breccia. 
The breccia is a complex lithology in which, in general, more 
mafic fragments occur in a less niafic matrix. Foliated and randomly 
orientated fragments of country-rock schists have also been recorded. 
The intrusive rocks vary in composition from ultramafic, through mafic,, 
to more leucocratic. Fig. 5.19 shows a typical exposure in which gab-
broic fragrents, themaelves carrying fragments of ultramafic and schist, 
are enclosed in a matrix of diorite. Individual fragments may be up 
to 20 m in greatest dimansion, and together usually occupy more than 
50% of any one exposure. In many cases the exposure has a "jig-saw 
puzzle" appearance in which the fragments could be fitted back together 
as in Fig. 5.20. Fragments are, in genèrál, angular with sharp contacts 
to the enclosing matrix. Occasional examples of rounded fragments with 
diffuse contacts suggests partial assimilation Lieungh (1977) records 
one instance of an angular fragment with sharp boundaries impacting 
into a rounded fragment with less clearly defined outlines,, the inafic 
minerals in which can be observed to "flow around" the indentation of 
the first fragment. Brecciation of partially consolidated material is 
suggested by this texture. No regular pattern of lithological distri-
bution has been observed. The overall field relationships and large-
scale textures suggest successive intrusion of progressively more evol- 
ved liquids, perhaps expelled from a fractionating magma chamber at depth. 
The jTetàgabbroic lithologies are dominated by amphibole and plagio-
clase, and vary in average grainsize from less than 0.5 mm to greater 
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Fig. 5.13 simplified geological map of the area around the Skjaekerdalen 
intrusive complex (redrawn from Lieungh, 1977). 1 — metagabbro breccia; 
2 — metadiorite; 3 - Storen and Fundsjo Groups; 4 - Sulamo Group; 5 — 
Gula schists. Main showings: a - Archbold; b — Homan; c — St. Olav; d - 
Anton Bachke; e - Hoved Gruva and Barbara Bachka; f — Slipern. 
Fig. 5.19 	A typical exposure of Skj aekerdalen rretàgabbroic 
breccia (between Archbold and Homan showings). fragsents of rrEta-
gabbro, carrying frants of uJ.1arrfic (left centre) and schist 
(upper left), in matrix of iretadiorite. 
Fig. 5.20 	Skjaekerdalen "jig-saw puzzle" breccia (Slipern 
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is siniilar, both in. odour and in zoning, to that at Vakkerlien 
while plagioclase i domitonly so intensely saussuritised that its 
optical properties are obscured. Accessory minerals are sericite, 
quartz, bib-tite , chlorite, apatite, epidote, ilrrnite., sphenè, rutile, 
and sulfides. The riore ülamafic varieties are dha±'acterised by a 
decrease in plagioclase relative to anphibole, while the more leuco-
cratic, dioritic and quartz -.dioritic varieties are marked by a decrease 
in mafic conents to less than 30%, of which biotite: may form up to 
a half. In these lithologies, where plagioclase is. zisaussuritised, 
it is optically zoned and coninonly untwinned. 'Quartz occurs inter-
stitially to plagioclase and amphibole or biotite, and may form up to 
20% of the total rock onponents in extrerre cases. 
The iretadiorite of the sounding i.mthrecciated aureole is simi-
lar to these lithologies except that it tends to be finer grained and 
more intensely foliated. 
Very occasionally primary silicate minerals have been observed in 
the netagabbr'os. Olivine, orthopyr'oxene, and clinopyroxene have all 
been recorded. In the least altered samples, they occur as gloirEro-
porphyritic aggregates, with individual grains generally less than 2.0 
MM, but rarely up to 14.0 mum in diameter. The aggregates are inter-
stitial to plagioclase laths up to 5.0 nun in length as shown in Fig. 
5.21. Incipient alteration of pyroxene to amphibole is always present, 
while olivine is often replaced by talc, carbonate, serpentine, and 
magnetite or pyrrhotite. Olivine has also been observed as inclusions 
within orthopyroxene. 
At all timas where olivine is in contact with plagioclase the 
boundary is marked by a kelyphitic reaction rim. An example of such 
a texture is shown in Figs. 5.22, 5.23, and 5.24. In general, olivine 
is surrounded by successive zones of orthopyroxene, amphibole, and an 
Fig. S. 21 	 -iotorrograph of Skj aekeralen rrtagabbro (sample 
77.291a). Glomeroporphyritic aggregate of olivine (upper centre) and 
two pyroxenes, in plagioclase. 
Transmitted light; X Ni; f.o.v. 	2.0 urn. 
Fig. 5.22 	Photomicrograph of Skj aekerdalen ntagabbro (sarrple 
77.300a). Kelyphitic reaction rim between olivine and plagioclase 
(clinopyroxene also present, e.g. bottom right). 
Transmitted light; ppl; f.o • v • 	2.40 mm. 
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Fig. 5.23 	Photomicrograph of Skj aekerdalen rrtagabbro (sale 
77.300a). Close-up of kelyphitic reaction rim shin in Fig. 5.22. 
From left: olivine; orthopyroxene; airphThole; anbole-ahrous 
spinel syirlectite; plagioclase. 
Transmitted light; ppl; f.o • v • 	0.60 mm. 
Fig. 5.24 	Photomicrograph of Skjaekerdalen netagabbro (sanpie 
77.300a). Close-up of amphibole (grey) alurninous spinel (light 
grey) synplectite shown in Figs. 5.22 and 5.23. 
Reflected light; ppl; f.o.v. = 0.12 mm. 
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anhibole_a1ujninous.: spinel-synlectite. Such. tectures are probably 
directly comparable with other olivine-plagioclase 'bearing rocks of 
the Norwegian Caledonidesl (Griffin and Heiér, 1973; Gardner and Robins 
197), in which olivine-plagioclase reaction rims are marked by succes- 
lye orthopyroxen, clinopyroxene, and clinopyroxene-spinel synpiectites. 
In this instance, however, the clinopyroxene has probably been replaced 
by anphlbole. 
According to Herzberg (1976) coronas such as these form as a 
result of the incorrpatibility of olivine and plagioclase on crossing 
the plagioclase-lherzolite to spinel-lherzolite mineral-fades bound-
ary. ExperinEntal data (Herzberg, 1976) indicate that this facies 
boundary is essentially teirperature-independent at low temperatures, 
and is mildly terrperatwe -dependent at high teirperatures. The devel-
oprrnt of coronas, as described above, by isobaric cooling of olivine-
plagioclase bearing igneous assemblages across the facies boundary at 
high terrperatures is restricted to a pressure interval fron 8.5 kb to 
10 kb. At lower tenperatures the reaction proceeds at about 8.5 kb 
in the pure CaO-MgO-A1 2 03-Si02 system. This implies. that the Skjaeker-
dalen complex was intruded, either during, or prior to a metamorphic 
event which attained pressures of the order of 8.5 kb. The presence 
of iron in the system affects the slope of the boundary to greater 
dT/dP values, thereby allowing isobaric cooling through the fades 
boundary to lower pressures (Green and Hibberson 197 0),  . while the 
presence of sodium transposes the boundary to a divariant zone at higher 
pressure (Ensli, 1971; Herzberg, 1976). 
In mare ultrajm3fic lithologies orthopyroxene and clinopyroxene 
have been recorded and occur as relict cores to' amphibole grains. It 
has not been possible. to decide hcw much, if any of 'the: amphibole and 
biotite of the rrore leucoàratic intrusives is .of prinry inãnatic origin. 
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Sulfide mineràlisation at Ski aekè±'dalen occurs -throughout the 
central intrusive breccia and is hosted by all. lithological types. 
The locations of the main: shadings are illustrated in Fig. 5.18. 
It is noteworthy' that most sampling was carried out from dumps and 
it was therefore difficult to distinguish fragments and matrix. 
Hciever, there are notable differences in ore textures between the 
different host lithologies. 
Where the host rock is ultramafic, the sulfides have well defined 
relict interstitial textures, as illustrated' in Fig. 5.25. Where 
netagabbro hosts the ore, sulfides are in part interstitial (Fig. 5.26) 
but occasionally they take on a blocky fragmental appearance as shown 
in Fig. 5.27. Such sulfide fragments are corionly several centiiretres 
in maximum dimension. In more leucocratic lithologies', the ores have 
a strongly fragmental appearance (Fig. 5.28). The sulfide rnineràlisa-
tion hosted by ultramefic lithologies' is classified as Interstitial 
ore, while that occurring in the most leucocrà.tic lithologies is usually 
Fragmental ore. Mineralisation associated with rieta.gabbroic hosts 
is commonly of both Interstitial and Fragmental types. 
From the limited available information on the sulfide workings 
(A. S. Bacbke, 1880; Rosenlund, 1915; and Lovas, 1970), it appears that 
most of the ore extracted was of the Interstitial type, in ultraniafic 
and netagabbroic hosts. However, mention is made of sulfide lenses, 
up to 4 m in length and 20 cm in thic}ness, occurring in gabbroic and 
more leucocratic host rocks. Such features presumably represent large-
scale examples of the Fragmental ore-type. 
The sulfide mineralogy is dominated by pyrrhotite, pentlandite, 
and chalcopyrite. Pyrrhotite to pentlandite ratios vary from 2:1 to 
100:1, and average approximately 20:1. Pyrrhotite to chalcopyrite 
ratios vary even' more widely from 100:1 to 1:8 in extreme cases'., 
Fig. 5.25 	Photomicrograph of Skj aekerdalen Interstitial ore, 
ultrarrafic host (sarrple 77.323). Sulfides (black) are interstitial 
to amphibole pseudorrrphs after pyroxené (and olivine ?). 
Thansrnitted light; ppl; f.ov. = 1.92 irim. 
Fig. 5.26 	otomiograph of Skj aek&dalen Interstitial ore - 
ntagabbroic host (sample 78.67). Sulfides (light) interstitial 
to silicate (olivine and plagioclase - dark). Sulfide minerals: 
pyrrhotite (p); pentlandite (pn); and chalcopyrite (c). 
Reflected light; ppl; f.o.v. 	2.40 iru-n. 
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Fig. 5.27 	A ground surface of Skjaekerdalen Interstitial! 
FraTnta1 ore, rretagabbroic host (sale 77.307). Interstitial 
sulfides (liit 	y) occurring together with sulfide fragrnts 
(top). 
Fig. 5.28 	A ground surface of Skjaekerdalen fl'agin-tal are, 
ntadiorite host (sanpie 78.77). Sulfides occur as angular 
fragments (top - outlined) in silicates. 
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&'ainsize is contofled. by the ore texture.. In breciated. fragments 
individual pyrrhotite grains nay exceed 5 nun in diamater, while in 
more interstitial ores grainsize is smaller. Both. rnnoc1inic and 
hexagonal pyrrhotite phases are present. Pentlandite occurs as blocky 
grains and blebs both interstitial to,, and within pyrrhotite grains. 
Grainsize is controlled by ore texture, such that blocky grains in 
excess of 1.0 mm across occur in coarse sulfide fragrnts. Exsolution 
flames of pentlandite in pyrrhotite occur rarely. Chalcopyrite occurs 
as blebs and broad lamellae marginal to and within pyrrhotite grains. 
Isolated grains and interstitial patches of chalcopyrite may also occur. 
In rare instances chalcopyrite may occur with bornite in very small 
(<0.1 nun) intergrcths. Many samples show supergené replacement of 
pyrrhotite by marcasite, and of pentlandite by violarite. 
5.1.1.5 Undal - The Undal metagabbroic complex is located on the 
eastern side of Orkladalen, approximately 7 km north of the village of 
Innset (Map 2). The terrain is heavily forested and the intrusion is 
only poorly exposed in one NW-SE running stream section of about 5 1cn, 
and on a single discontinuous railway cutting of about km which dis-
ects the complex in an E-W direction. No contact relations with the 
surrounding country-rock schists have been observed, and -the poor expo-
sure obscures any internal relationships between different intrusive 
lithologies. The complex is not associated with any known sulfide 
mnineralisation. 
From the limited observations possible the Undal natagabbro is 
similar lithologically to the Skjaekerdalen complex. Hciever, the fol-
ling differences have been noted: 
Sulfide mineralisation is lacking. 
While a. number of exposures reveal ultranaf Ic nodules 
included in the n'etàgabbroic and dioritic lithologies, 
163 
the brecciated. nature of the Skjaekerdalenl corrlex is 
not matched at Undal. 
3. Sanles of netagabbro from one locaiity display 
primary silicate. mineralogy and textures identical to 
those at Skj àeketdalen, with the exception that when 
olivine and plagioclase are adjacent, the contact is not 
marked by .a kelyphitic reaction rim (Fig. 5.29). The 
inference is that the Undal matagabbro has not been sub-
jected to such high pressures as the Skjaekerdalen complex. 
An uThamafic inclusion in the irtagabbro has been found to con- 
tain relict olivine, clinopyroxene, and orthopyroxene. 
Mesoscopic sulfide mineralisation is absent, but very rare, minute 
inter'owths of cha.lcopyrite, bornite, chalcobite, and possibly heazie-
woodite have been recorded. 
5.1.1.6 Haukfj ellet - The Haukfjellet uetagabbro lies in mountain-
ous terrain 20 km north of Kvi}aie (Map 2). The intrusion is barren of 
sulfide mineralisation. 
The metagabbro is similar in mineralogy and texture to those des-
cribed above, except that a larger grainsize, with amphiboles up to 
5 mm in length, is common. Close to the contacts of the in'usion, 
amphibole may take on a preferred orientation giving rise to a distinct 
foliation. The matrix is usually finer grained and granular, and 
appears to be overgran in part by the porphyroblastic amphiboles. 
Ulamafic varieties are characterised by large (up to 1 cm) hornblende 
porphyrob lasts in a matrix of chlorite and biotite, occasionally with 
minor plagioclase. Alternatively, well foliated treirclite-chlorite 
rocks have been recorded, especially close to the margins of the body. 
More leucocratic types have not been observed. The spatial distribu- 
tion of the various lithologies is irregular. 
Fig. 5.29 	Fhotomi'oaph of thdal rrtagabbro (sairple. 77.94). 
An equilibrium contact between olivine and plagioclase (no 
kelyphitic reaction rims as at Skj aekerdalen). 





5.1.2 	The ultrasrafics 
5.1.2.1 Kaltbe±get - The Kaltberget u1anf Ic intrusion lies in 
a snail hollow on the eastern slopes of Orklàdalen, about 5 12 km SE of 
Kvikne, as shown on Map 2. Surface éxposure is poor, but limited 
details of the extent and form of the body can be obtained from this 
and from drill core Obtained by Al S Sulfidnaim. Fig. 5.30 is a shill-
fled map of the area showing the localities of the drill holes discus-
sed below. 
The intrusion takes the form of two discrete ültramafic bodies, 
a Main Body, and a smaller Satellite Body. The Main Body is tabular 
and nay be up to 70 m thick. It extends along strike for at least 500 
m, and dips at approximately 300  towards the ESE within the foliation 
of the country-rock schist. Figs. 5.30 and 5.31 show the relationship 
between the Main Body and the Satellite Body. The Satellite Body lies 
above, and to the east of the Main Body; it has a lateral extent of 
less than 50 m and is approximately 10 m thick. As shown in Fig. 5.31, 
it pinches out rapidly dcn-dip. 
Petrologically the ulU'anafics are dominated by a poikilitic 
slightly pleochroic amphibole, with the optical properties of actinol-
ite. The amphibole frequently contains well rounded inclusions (0.1 
to 0.5 rrun across) comprising a felted mass of talc, Chlorite and ser-
pentine (Fig. 5.32). In one sample relict olivine was recorded in the 
cores of such inclusions indicating the original mineralogy (Fig. 5.33). 
These pseudomorphs are themselves commonly replaced by an actinolitic 
amphibole which is distinguishable from the surrounding amphibole only 
by being slightly out of optical continuity (Fig. 5.34).. More schis-
tose lithologies are CO1Iunorl in which amphibole is subordinant to chlor- 
ite, talc, and carbonate. Highly saussuritised' plagioclàse Occurs inter-
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Fig. 5.30 Simplified geological map over the Kaitberget ultramafic 
bodies. 1 - ultramafic; 2 - schist; 3 - sulfide showing; 4 - drill 
hole; Ii - Main Body; S - Satellite Body; X - location of sample 















Fig. - 5.31 . 1 A drill—hole profile showing the relationships between the 
Kaitberget Plain (1.1) Body and Satellite (s) Body, and the position of 
sulfide mineralisation as indicated by Ni—assays. 1 - overburden; 2 - 
ultramafjc; 3 - pegmatite; 4 - schist. 
Fig. 5.32 	A photooaph of Kaitberget ultran -afic (sairple 
76/6/2.06). Serpentine, chlorite, and talc pseudoirorphii -ig olivine 
and enclosed in actinolite. 
Transmitted light; ppl; f.o.v. = 2.0 urn. 
Fig. 5.33 	A photomicrograph of Kaltberget ultrarrfic (san -pie 
77/4/5). Relict olivine (centre), partly replaced by serpentine, 
in actinoli-te and chlorite. 
Transmitted light; ppl; f.o • v • 	2.40 n-un. 
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Fig. 5.34 	Photomicrograph of Kaitberget ul'afic (sample 
76/4/49). Actinolite pseudanorphs after olivine in actinolite. 
See text for explanation. 
Transmitted light; X Ni; f .0 .V • = 2.40 mm. 
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Bodies. Accessory minerals are sphene, apatite, chrornite, magnetite, 
and sulfides. Fig. 5.35 shows the results of systematic modal anal-
yses of drill hole 76-4 (Figs. 5.30 and 5.36). The felspathic border 
zones, and the differences between amphibole dominated and talc-
chlorite-carbonate lithologies are quite evident. Occasionally, very 
altered, almost opaque, clay-rich patches, less than 3.0 rrim across, 
occur in the felspathic border zones; by comparison with optically 
similar features in the margins of the KLetten ulamafic, which have 
been investigated by electron microprobe, these may represent highly 
altered K-felspar. 
Nickel-copper sulfide mineralisation occurs in two sulfide show-
ings as indicated in Fig. 5.30. The first shcwing is associated with 
the Satellite Body, where the mineralisation forms stringers up to 1 
an thick in both the upper and lower margins of the ultramafic (Fig. 
5.31). 
The second showing lies approximately 125 m NNE of the first and 
consists of a single, roughly elliptical exposure, not more than 5 m 
in major axis. Figs. 5.30 and 5.36  sh that the mineralisation is 
located towards the centre of the Main Body. As drill holes 76/6 and 
76/12 are 1.2 and 2.5 m respectively to the north of the section drawn, 
it is not possible to decide whether the mineralisation is continuous 
between these holes and that intersected in drill hole 76/8. Further-
more, it is not known whether the mineralisation is continuous along 
strike. Fine disseminations have been noted in the central parts of 
the ultrainafic in drill holes 76/4 and 76/5, and in its upper margins 
in drill hole 76/4 (Fig. 5.30 and 5.36). 
Usually the ore at Kaltberget is a complex network of aggregates 
of sulfide and silicate phases (Fig. 5.37). Sulfide-silicate relation-
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Fig. 5.35 Variation of mineralogy through the Kaltberget Main Body, 
drill-hole 76/4. All analyses based on at least 333 points. 
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Fig. 5.36 A drill-hole profile through the Kaltberget Main Body (see 
Fig. 5.30 for location of holes) showing the position of sulfide miner- 
alisation as indicated by I'Ji-assays. 1 - overburden; 2 - ultrarnafic; 
3 - schist. 
Fig. 5.37 	A ground surface of typical Kaitberget ore (sample 
76.294). Sulfides (grey) occur as a network consisting of aggre-
gates of pyrrhotite, pentlandite, and chalcopyrite. Complex 
intergraths of sulfides and silicates are usual (as shown in 
more detail in Fig. 5.38). According to the classification used 
in this thesis, these are Interstitial ores, although it is 
emphasised that, in this context, a metamorphic, rather than a 
relict igneous texture, is referred to. 
Fig. 5.38 	Fhotomicrograph of Kaltberget Interstitial ore 
(sample 77/6/2.06). Talc and chlorite (dark grey) interfingering 
with  phases (pyrrhotite - grey; pentlandite - light grey; 
chalcopyrite - c). 













(Fig. 5.38). Occasionally, hzever, the sulfides form almost perfectly 
rounded globules (less than 10 rrnn in diameter) within the silicates 
(Fig. 5.39). The ores are therefore classified as Matrix-, Disseminated-, 
and Finely Disseminated-Interstitial ores, with rare Disseminated 
Globular varieties. 
Pyr'rhotite, pentlandite, and chalcopyrite are the only sulfide min-
erals present. Pyrrhotite to pentlaridite ratios average approximately 
7.5:1 and are reasonably consistent. Pyrrhotite to chalcopyrite ratios 
vary from about 20:1 to 5:1. Pyrrhotite grainsize may approach the 
size of sulfide blabs and commonly exceeds 5 rim (largest dimension). A 
finer gained, granular texture is, however, more usual. Only hexagonal 
pyr'rhotite has been recorded in the Main Body and only the monoclinic 
phase in the Satellite Body. A possible explanation for this difference 
is suggested later in this chapter. Fnt1andite occurs as blocky gains 
and patches up to 5 rmnn in extent, and is interstitial to pyrrhotite (Fig. 
5.38 and 5. 140). Exsolution flames of pentlandite in pyrrhotite are rare, 
but have been observed. Qialcopyrite occurs as rounded blabs, less 
than 1 rim in diameter, both interstitial to, and within, pyrrhotite and 
pentlandite. All three sulfide minerals may be intergrcn with silicates 
at the margins of sulfide blabs, indeed occasionally, the ore as a 
whole is a complex intergrth of sulfides and sheet silicates. Sanpies 
from dunps or close to the surface nay display supergene alteration of 
pyrrhotite to marcasite, and pentlandite to violarite. 
5.1.2.2 Kietten - The Kietten ultaiiafic body outcrops 10 )<m south 
of KviJe on the eastern slopes of Orkiadalen (Map 2). As shn in 
Fig. 5.141 it has an elongated outline trending approximately N-S, and 
is exposed to the south in the floor of the valley, and runs northwards 
up the valley side to the peak of Kietten mountain. The 1er ground 
to the south is densely wooded and hence poorly exposed, but the higher 
Fig. 5.39 	Photomicrograph of Kaitberget Globular ore (sample 
76.296). A globule of sulfide in an u1amafic host. 
Reflected light; ppl; f.o.v. = 16.0 mm. 
Fig. 5.140 	Photomicrograph of Kaitberget sulfides (sample 
77/6/2.06). Pentlaridite (light grey) and chalcopyrite (c) 
interstitial to pyrrhotite (grey). Silicates - dark grey. 
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Fig. 5.41 Simplifje geological map over the Kietten ultranafic 
body, showing position of profile 100S. 1 - ultramafjc; 2 - amph-
ibolite; 3 - schist. 
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'ound to the north is open and exposure is moderately good. 
The intrusion is similar in many respects to the Kaltberget ultra-
mafic. It forns a concordant sheet dipping to the east within the 
country rock schists. Petrologically it is dominated by stout prism 
of an arithibole which may be several centimetres in cross-section. 
Much of the ariphibole has the optical properties of hornblende but 
actinolite varieties occur, sometimes rimming the hornblende. In the 
least metamorphosed samples, from the core of the intrusion, olivine 
and, to a nud-i lesser extent, clinopyroxene occur as rounded inclu-
sions, generally less than 0.3 rim in diairter, within larger patches 
of orthopyroxene (less than 5 rim across). The orthopyroxene is sur-
rounded and replaced by the amphibole as shown in Fig. 5.42. Occa-
sionally, rounded olivines, up to 5 mm in diameter, occur between 
amphibole gains, and traces of interstitial plagioclase have been 
recorded. 
Several stages of replacement have been determined. Olivine is 
pseudonorphed by serpentine, magnetite, talc, and carbonate, which is 
often subsequently replaced by trenolite. Actinolite or hornblende 
rrey subsequently replace the tremolite such that, in more metamorphosed 
samples, the texture is one in which large interlocking amphibole polk-
iloblasts contain small rounded patches in optical discontinuity with 
the host. This is a texture very similar to that coimronly observed at 
Kaitberget (Fig. 5.34). The original igneous texture was probably one 
involving olivine and minor clinopyroxene phenocrysts, commonly enclo-
sed in orthopyroxen; with interstitial plagioclase. 
-ilogopite is crorrurcn, replacing amphibole, especially in the mar-
gins of  the intrusion. The margins also contain greater amounts of 
plagioclase, and quartz also occurs, corrrronly in graphic intera..rth 
with it (Fig. S.43). As mentioned previously, highly altered, ectrerrely 
Fig. 5.42 	Fnotomiograph of Iet-ten ultamafic (sample 77.64). 
Relict orthopyroxene (centre and right) partly replaced by amphibole 
(left). Partly serpentinised rounded divine grains are included in 
both orthopyroxene and amphibole. 
Transmitted light; ppl; f.o • v •= 2.40 mm. 
Fig. 5.43 	Photicrograph. of Kietten felspathic border zone 
litholo (sample 76.336h). A graphic intergrth of quartz and 
plagioclase, interstitial to amphibole. 
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turbid, clay-rich patches occur, and may represent original K-felspar. 
Accessory minerals are ilmsnite, apatite, and sulfides. Fig. 5.414 
shows the results of systetic modal analyses across profile 100S 
(Fig. 5.141). 
In the margins of the KLetten ultramafic body, pegiratitic quartz o-
feispathic material appears to backvein from the schist into the intru-
sion. This suggests that the intrusion of the hot ultramafic mass has 
partially malted the country-rocks, and has itself been intruded by 
the malt portion. In the immediate vicinity of the contact, veins up 
to 20 cm across were observed, but thicknesses of less than 5 an are 
more usual (Fig. 5.145). Although the contact between the schist and 
the ultrairafic is ncwher'e exposed, it is estimated that the backvein-
ing extends into the ultrarafic for a maximum horizontal distance of 
50m. Within a horizontal distance of about 10 m of the contact, the 
enclosing country rocks are characterised by a peculiar tectonic brec-
cia, which probably results from the gentle tectonic disruption of a 
contact miratite (the source of the back-veining described above). 
In this lithology, randomly orientated fragments of quartzo-felspathic 
pegmatite (malt portion)"float" in a matrix of more micaceous rrateriaJ. 
(residuals) as shown in Fig. 5.146. 
Sulfide mineralisation at KLetten is Finely-Disseminated in grade 
and seems to be randomly distributed throughout the body. Texturally 
it occurs as large blabs, occasionally several centimab'es across. 
The sulfides sound numerous irregular-shaped inclusions of secondary 
silicate minerals (less than 1 rrm across) and may themselves be brec-
dated by carbonate veins (Fig. 5.47) It is therefore difficult to 
classify this mineralisation as globular or interstitial, and it will 
simply be referred to as Finely-Disseminated }aetten ore. 
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Fig. 5.44 Variation of mineralogy across the Eletten ultramafic body, 
profile 100S. All analyses based on at least 333 points. 
Fig. 5.45 	A quartzo-felspathic vein in the margins of the 
}aetten ultrarr±ic body. 
See text for discussion. 
Fig. 5.46 	Brecciated contact mitite adjacent to the Kletten 
ulairfic body. Quartzo-felspathic fragments (melt portion) in 
a more micaceous matrix (residuals). 
See text for discussion. 
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Fig. S. 47 	Photondcrograph of Kietten ore (sample 77.52). 
A globule of sulfide (pyrrhotite, with pentlandite and chalcopyrite) 
is brecciated by a carbonate vein, which is itself overgrn by a 
sub-hedral pyrite grain. The pyrite is largely surrounded by 
ch.lcopyrite (c). 
Reflected light; ppl; f.o.v. = 20.0 mm. 
Fig. 5.48 	Photomicrograph of Kietten ore (sample 77.52). 
An intergrrth of pyrite (py) and magnetite (m) replacing 
pyrrhotite (p). 	Pentlandite is also present (pn). 
Reflected light; ppl; f.o.v. 	0.15 mm. 
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chalcopyrite and they are always intirrately associated with naietite. 
F1rThotite to pentlandite ratios average about 7.5:1 while pyrrhotite 
to chalcopyrite ratios vary from 2.5:1 to 39--l -. Prr'rhotite forms 
irregular-shaped gains lass than 2 nun in rnaxi]1n2n dimansion,, and is 
dominantly of the hexagonal type. Pentlaridite occurs as blocky gains 
(less than 0.5 nun) interstitial to pyrrhotite, and as flame-like exso-
lution lamellae, which commonly emanate from cleavage and other frac-
tures, within pyrrhotite. Chalcopyrite forms roirided blabs, less than 
0.5 rrrn across, interstitial to, and within pyrrhotite. Larger patches 
of chalcopyrite may sioin-id pyrite grains as shown in Fig. 5.47. 
Pyrite and magnetite are later matan'crphic products of pyrrhotite. 
The almost ethedral gain of pyrite shown in Fig. 5.47 grows across the 
carbonate vein which brecciates the sulfide blab, and is intimately 
intergrown with both pyrrhotite and magnetite. A typical intergnowth 
of pyrThotite with pyrite and magnetite is illustrated in Fig. 5.48. 
Such alteration of pyrrhotite to pyrite plus magnetite is common in 
disseminated sulfides in metamorphosed ultramafics where f 0 was high 
relative to f5 (Eckstrand, 1975). Some supergene alteration of pent-
landite to violarite and pyrrhotite to marcasite is present. 
5.1.2.3 Graho - At Graho, sorre 15 km south of Kvi1ie (Map 2) a 
small ultranafic pod is exposed over an area of approximately 50 x 20 
m. A contact with the country rock schists is included in this exposure, 
and is marked by a similar felspathic border zone and tectonic breccia 
to that at Kietten. 
The rock is composed dominantly ofserpentine_, chlorite, and talc 
in varying  proportions with accessory trenolite., carbonate, sphene, 
ilnenite, magnetite, and sulfides. Nun'erous six-sided pseudorrcrphs of 
serpentine and chlorite occur (up to 3 mm across),, rimmed by magnetite 
dust, in a matrix dominated by chlorite (Fig. 5. 119). The outlines 
Fig. 5.49 	Photanicroaph of Graho ultanfic 
(sample 77.197). Serpentine and chlorite pseudornaris, 
after olivine, in chlorite. 




suggest primary olivine and, in many cases, such pseudorrorphs .accoit 
for more than .50% of the'. rock.'.' 
Sulfide minerals at Graho' are restricted to extremely rare patches 
of pyrite,' up to 1 mm across,, complexly interown with the silicate 
minerals. However',, Nilsen (1974.) has, in' addition, recorded rare 
pyrrhotite, pentlandite, and chalcopyrite. 
5.1.2.4 Plassbekken - At Plassbekkén, which lies on the densely-
wooded southern slopes of Gauldalen, some 6 km ESE of the town of 
Storen (Map 2), a small ultranafic body, almost barren of sulfides', 
has been quarried along a trench 70 m long and 5 m wide. The quarry 
is now densely overown and no contact relationships have been obser-
ved. The surrounding country rocks however, display well developed 
folds (of amplitude and wavelength about 20 m), with upright,, NNE-
SSW striking axial planes, and . variable style from open to tight. 
The ulU'arriafic is commonly foliated, and consists of varying propor-
tions of serpentine, talc, chlorite, trerrolite, and carbonate, which 
occur as a densely felted mass. The foliation, where present, is up-
right and of similar orientation to 'the D axial planes described above. 
Pseudorrphs after olivine, as at Graho, are only rarely observed. 
Accessory minerals are sphene, rutile, and pyrite. The latter was 
observed in the field as small (<5 inn) euhedraJ porphyroblasts. 
5.2 Structural Relationships 
The generally poor exposure of both intrusive bodies and country 
rocks, together with the complex structural history of the area, has 
limited the extent to which the intrusions can be fitted into a regional 
tectonic franwork. However, the following points are noteworthy. 
Where information is available On the three-dimensional form of 
the smaller ntágabbros, either' directly from drill-core data (as at 
S 
.. 
Vakkerlien) or indirectly' from geophysical data -- (as' t  (as at Oflca±), an 
elongated cylindrical or "pencil" shape is apparent. At both 
Vakkerlien' and Olkar the orientation of the intrusive bodies is 
parallel to the direction of the regional D1 lineation in the area, 
suggesting intrusion, either before or during the Thoneiin Orogeny 
(Chapter 3). 
At Undal, the three-dimensional shape . of the intrusion is unkncwn, 
while at Skj aekerdalen, the surface butline of the body, as shown in 
Fig. 5.18, suggests involvement in large-scale folding, but it is not 
certain at which stage in the structural history of the area' this 
occurred. However, the high pressures (approximately 8.5' kb) required 
for the development of kelyphitic reaction rims between olivine and 
plagioclase, as described in 5.1.1.4, are consistent with the' Silli-
manite-grade regional rrtairrphism thought to be associated with the 
Trondheim Orogeny in this area (Fig. 2.1), and suggest intrusion either 
before or during this event. The lack of kelyphitic reaction rims  
between olivine and plagioclase in the thdal ntágabbrb is consistent 
with the lower metamorphic grade associated' with the Trondheim Orogeny 
along the flanks of the Gula Group. 
In contrast to the smaller mtàgabbros, the' ültrarnaf ic intrusions 
retain a sheetliJce form. As the concentration of deformation along 
the margins of ultrarnafic bodies is well documented-(e.g. Jahn, 1967) 
this cannot be taken as unairbiguous evidence for a younger age. How-
ever, if such a process had occurred, the preservation of random orien-
tation of fragrents in the contact tectonic breccias at KLetten and 
&'al-io (Fig. 5.46) would be most unlikely. A post-D1 intrusion of the' 
ultrairafic coir1exes is therefore suggested'. Furthermore, Graho, 
Kaltber'get', and KLetten occur in the central parts' of the Gula Group 
where sphalerite geobarcmetry indicates' pressures' associated. with' the 
ITO-S 
Thondheim. Orogeny of at least 6 kb (Chapter. 4),,.whiäh with the 
occurrence of kyànite' and staurolite in the country rock schists 
(Fig. 2. 1), suggests temperatures of 550P - to 700°C'(Winkler', 1976, ch.1'.). 
The lack of any textural evidence for the devélopirEnt of blàdecl 
rrEtaiibrphic olivines, which according to the composition of the fluid 
phase would develop below 550 0C at such pressures (Winklér, 1976, ch. 11) 
together with the 'igneous composition of olivine relicts at KLetten 
and Kaitberget' (5.3.2) is strong evidence of intrusion after the peak 
of the metamorphic event associated with the Londheim Orogeny. 
The deformation of the Plassbekkèn ultraf Ic as described In 
5.1.2.4. requires that it was intruded prior to D 11
* 
unfortunately it 
has not been possible to determine the precise' relationship between 
ultramafic emplacement and D2 and D3 . 
In conclusion it is suggested' that the u2tagabbroic complexes 
were intruded before or during the Trontheim Orogeny, while the ultra-
me.fic bodies were emplaced between this early. orogenic event and the 
end of the main Scandinavian Orogeny (pre-D 1 ). 
As a consequence of this conclusion, Nilsent s (19 7) petrogenetic 
scheme relating all Gula mefic and ultramafic Intrusions by crystal 
fractionation of a basic magma, as described in the introduction to 
this chapter, cannot be upheld. 
5.3 Mineral Chemistry 
Thompson (1978) carried out a detailed investigation of the mineral 
chemistry of the Vakkerlien metagabbro. The essential conclusions of 
his studies were as follows. 
Amphibole.'' The commonly observed, optical zoning of amphibole was 
reflected in a chemical zonation in which Ti, Al IV AJVI Na and K 
• S 
decrease from cores. to margins while Si, Mg/Mg + Fe + Mn, and Ca 
increase.. The overall, chemistry of the àmphiboles. is however con-
trolled by host-rock composition with more ultrarnafic compositions 
resulting in increase of Si, Mg/Mg + Fe + Mn, and Ca, and decrease 
in Ti, AJ., and Al VI, . 
Plagioclase. Plagioclase is also compositionally zoned'. A maximum 
of An62  was recorded for core compositions while margins fall in the 
range An 22''33  This zonation was recorded in all plagioclases, 
including "snail recrystallised grains".. The anorthite content of 
plagioclase cores correlates positively with the CaO-content of co-
existing amphiboles, and with the CaO, and MgO-content of bulk rocks. 
Negative correlations with the Na 20-contents of coexisting amphiboles, 
and with whole rock Na20 are also apparent. 
Biotite and Chlorite. 	The chemical cnpositions of biotite and 
chlorite are strongly ,controlled by bulk-rock composition, showing 
strong positive correlation of Mg/Fe ratios. 
Thompson (1978) concluded that whole-rock bomposition controlled 
not only the mineral assemblages present, but also the overall chemis-
try of the various phases. However, he related the chemical zonation 
of amphibole and plagioclase to the metamorphic history of the intru-
sion. He discounts the possibility that the core compositions of 
both phases represent relict igneous chemistries on the grounds of the 
common structural control of arrhibole orientation together with the 
evidence for recrystailisatiori of plagioclase. By analogy with Other 
regionally metamorphosed basic rocks (Miyashiro, 1968), he suggests 
an early upper-amnphibolite facies metamorphism, followed by a later, 
epidote-àmphibolite or lower-amphibo1ite fades event, although he was 
unable to distinguish between a distinct second metamorphic event and 
a retrogression from the earlier higher-grade conditions. In the light 
of the structural and metamorphic histories. preséntedl in .Chapters 3 
and 4, it is tempting to' suggest that the' amphibole and plagioclase 
core compositions relate' to the' bih-grade Tondhéin Orogénic event, 
while the compositions of the' rims reflect' the lower-grade inetanior-
phism associated' with the main Scandinavian event. 
A detailed chemical study, such as Thompson's (1978), of all 
Gula intrusions is beyond the scope of this thesis. Apart from brief 
qualitative studies, which revealed compositional zoning of amphibole 
and plagioclase in the Olkar metagabbro (similar to those at Vakkerlien), 
and confirmed the optical data presented in 5.1, no attempt has been 
made to investigate their metamorphic chemistry. 'However, the rare 
examples of relict igneous mineralogy at Skjaekendalen, Undal, Kalt-
berget, and Ktetten, have been studied' and the results are presented 
and discussed below. 
All mineral analyses were carried' 'out on a Cathridge Micrbscan V 
electron microprobe at the University of Edinburgh, using both wave-
length and energy dispersive methods. The techniques are described 
in Appendix B, together with a listing of complete mineral analyses. 
(Tables B.10-B.17). 
5.3.1 	The rnetagabbros 
5.3.1.1 Skjaekerdalen - Average wavelength-dispersive analyses 
of olivines and pyroxenes from Skjaekerdalen are shown in Table 5.2 
and all analyses are plotted in Fig. 5.50. Olivine compositions range 
from Fo55 to Fo83 and individual grains are unzoned. CaO and Cr 2 03 
are undetectable (typical detection limits are presented in Table B.3, 
while MnO averages 0.3 wt%., NiO- and CoO-contents average .0.13 and 
0.08 wt% respectively. 
Clinopyroxenes are diopsides', endiopsides salite.s, and augites as 
shown in Fig. 5.50. They have a narrow range bf 'Mg/Mg + Fe +Mn atomic 
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SKJAt1FDALZ1-.1 UNDAL UNDAL INCLUSION 
01 Opx Cpx 01 Opx Cpx 01 Opx Cpx 
Si02 38.17 53.41 50.78 37.09 52.39 52.01 38.27 51.81 51.18 
Ti0 rid 0.40 0.74 0.03 0.44 0.63 nd 0.19 0.29 
A1.0 rid 1.85 2.80 rid 0.95 1.68 rid 1.46 2.20 
Cr0.. rid 0.24 0.53 rid 0.10 0.27 no 0.1' 0.79 
FeO 22.92 13.24 5.76 28.96 16.03 7.87 16.25 11.87 4.61 
1490 39.11 28.29 15.78 35.68 26.03 15.51 45.40 29.62 17.11 
CeO rid 1.57 21.25 0.07 2.15 19.86 0.03 1.23 21.30 
MnO 0.29 0.28 0.17 0.42 0.35 0.22 0.20 0.25 0.16 
NiO 0.13 rid rid 0.19 rid nd 0.05 nO rid 
coo 0.08 0.32 rid 0.12 0.04 rid rid rid rid 
14a20 ND 0.03 0.42 ND 0.07 0.60 ND 0.04 0.39 
ND rid rid ND rid rid ND rid rid 
6:2 6:2 6:2 4:2 6:2 5:2 3:1 3:1 2:1 
}CALTBERGZT KLErrEN 
01 01 Opx Cox 
Si02 39.52 40.19 55.17 52.94 
Th02 rid rid 0.17 0.30 
A1203 rid nO 1.38 2.08 
C-203 no 0.02 0.23 0.61 
FeO 17.21 12.26 8.90 4.36 
MgO 42.89 46.40 11.42 17.18 
CaO 0.10 0.09 1.10 21.50 
MnO 0.22 0.28 0.25 0.17 
NiO 0.22 0.08 rid rid 
coo 0.07 0.03 rid rid 
20 1W lW 0.03 0.33 
K20 ND 1W nO rid 
A:5 5:1 9:3 8:3 9:3 
EXPLANATION 
A:S number of analyses : number of samples 
rid 	not detectable 




TABLE 5.2 Average iavelength dispersive analyses of olivine, ortho-
pyroxene, and clinopyroxene, from Gula metagabbroic and ultramafic 
intrusions. 
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Fig. 5.50 Compositions of olivines and pyroxenes from the Skjaekerdalen metagabbro. 
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ratio (0.89.to 0.74) and wollastonite-contents vary from Wo 35 to Wo48 . 
Al  03 averages 2.8'w-L% while Tb 2- Na2 0-, Cr 03 _., and MnO-contents 
are all less than 1.0 wt% Coexisting orthopyroxenes' are bronzites 
and enstatites with rare magnesium pigeonites. Mg/Mg + Fe + Mn atomic 
ratios vary from 0.82 to 0.65, and wollastonite contents are usually 
less than Wo5 . A.2 03 averages 1.85 wt%, while Ti0 2 , Na0, Cr2 03 and 
MnO are always less than 1 wt%. 
Plagioclase corrositions range from An9O to An 
43*  Normal zoning 
is common with a maximum recorded compositional variation of An 77to 
An 51 from core to margin. Reverse zoning also occurs but is generally 
associated with kelyphitic olivine-plagioclase reaction rims. 
5.3.1.2 Undal - Table 5.2 presents average wave-length dispersive 
analyses of Undal olivines and pyroxenes. All analyses are plotted in 
Fig. 5.51. Olivines range in forsterite content from Fo 84 to Fo64, and 
fall into two groups. The first group ranges from Fo 8 to Fo82 and 
represents relict olivines from an ultramafic inclusion in the rrtã-
gabbro. The second group ranges from Fo 71 to Fo64 , and represents 
relict olivines from the rrtagabbro itself. CaO and Cr 2 03 are always 
low (<0.1 wt%) while MnO averages 0.4 wt% in the gabbroic rocks and 
0.2 wt% in the ultramafic nodule. NiO and CoO average 0.19 and 0.12 
w-t% respectively in the gabbro and less than 0.1 wt% in the ültranafic. 
Clinopyroxenes are endiopsides in the ultrarnafic nodule and augites 
in the gabbro. In the ultramafic inclusion the Mg/Mg + Fe + Mn atomic 
ratio varies from 0.88 to 0.85 and the Ca-content ranges' from Wo 45 -WO 43 , 
while in the gabbro they vary from 0.82 to 0.74 and Wo 36 -Wo44 respectively. 
Al 2 0  3 -contents average 1.68 wt% in the gabbro, and 2.20 wt% in the ultra-
rnafic inclusion, while Na 2 0, Ti02 and MnO increase, and Cr 2 03 decreases, 
from the ultramsfic to the rretagabbro as shown in Table 5.2' 
MgSiOa 
'ac: , 	 CaFeSI206 
Fo 	 0 	 -o 	 Fa— 
Fig. 5.51 Compositions of olivines and pyroxenes from the Undal metagabbro. Squares - metagabbro; 
squares 1iith x - ultramafic xenolith. 
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Orthopyroxenes : are usually bronzites (one niesiurn. pigeonite 
has been recorded) having a range of Mg/Mg + Fe + Mn atomic ratio of 
0.83 to 0.79. in the óae of the ültramafic inclusion, and 0.78 to 
0.71 in the rrtagabbro. Ca-contents are less than Wo 3 in the inclu- 
sion, and range from this value to Wo8 in the less mafic host. AJ. 203 -
contents are higher in the UlanSic here they average 3.46 wt%, as 
compared with a value of 0.95 in the gabbro. Ti02 , Cr2 03 , Na20, and 
MnO behave as in clinopyroxene. 
Plagioclase compositions in fresh samples of Undal rretágabbro 
range from An 60 to An 50'  Normal zoning commonly occurs with a niaxiiinim 
recorded compositional variation of An 60 -fin 52 . 
5.3.2 	The ulanafics 
Average olivine and pyroxene analyses (wavelength dispersive) 
from Kietten, and an average olivine analysis from Kaitberget are 
listed in Table 5.2, and all analyses are plotted in Fig. 5.52. 
Forsterite contents at Kletten vary from F689 to Fo84 , while those at 
Kaltberget vary from Fo86 -Fo80 . No systenmatic variation of olivine 
composition across the Kietten body has been defined. Where olivine 
is enclosed in orthopyroxene at KLetten, a reverse zoning of the oli-
vines is occasionally observed, with differences in composition as 
much as 2% Fo. Where such zoning is noted in olivine, the associated 
orthopyroxene displays normal zoning in which ens tatite content may 
decrease by up to 2% towards the olivine. These data suggest that 
there has been a metamorphic re-equilibration of the two phases. MnO- 
values are similar at Kaitberget and at Kietten averaging 0.22 and 0.28 
w-t% respectively. NiO- and CoO-contents vary between the two bodies 
from 0.22 and 0.07 wt% respectively at Kaltberget to 0.08 and 0.03 
wt% at Kietten. The reasons for this disparity have interesting impli-
cations to the brigin of the sulfide mineralisation at Kaltberget and 
will be discussed later in this chapter. 
CaFeS,206 
MgSiO3 
Fo 	 Fa-- 
Fig. 5.52 Compositions of olivines and pyroxenes from the Kietten ultramafic body (inverted triangles), and 




Clinopyroxenes. at Ktetten are diops ides and endiops ides with 
Mg/Mg + Fe + Mn atomic.ratios varying from 0.92 to 0.86 a range of 
Ca-contents of Wo 13 to Wo 9 and A1203 averaging 2.08 wt%. Ortho-
pyroxenes' axe Mg-rich bronzites varying in Mg/Mg + Fe + Mn atomic 
ratio from 0.87 to 083. Wollastonite-contents are always appr9xi-
nte1y Wo2 , while the average Al  0 3-content is 1.38 wt%. 
Plagioclase compositions from the feispathic border zones at 
Kietten and Kaitberget vary from An 3  -An 16 . Both normal and reverse 
zoning are present with a maximim variation between core and rim of 
7 mole % anorthite. 
5.3.3 	Discussion 
The mineral compositions from Skj áekè±dalen and thdal presented 
above, are similar to data available from other gabbroic intrusions of 
tholelitic affinity. The olivine, pyroxene and plagioclase compositions 
from Skj aekerdal are similar to the earliest formed phases at the Sudbury 
(Naldrett et al., 1970); Skaergard (?Me, 1976); and Dufek (Hirrnrlberg 
and Ford, 1976) intrusions. Compositions from the ültranafic inclusion 
at Undal are similarly comparable, while the' compositions from the host 
gabbro suggests crystallisation from a slightly more evolved liquid. 
As the phases from the ultrarrafic are not sufficiently mag -iesian to 
have been in equilibrium with mantle phases (e.g. Clark and O'Hara,- 1979) 
a cumulate origin is suggested. 
The compositions of primary silicate phases at KLetten are, however, 
considerably more magnesian than the earliest ford phases' from many 
gabbroic intrusions and bear closer reserrlance to olivinas and pyrox-
enes crystal ising from komatiitic liquids (Arndt and Fleet', 1979), or 
to early formed phases in the Bushveld complex (Atkins , .1969'), for which 
a picritic parent liquid has recently been suggested (Cawthorne, pers. 
comm., 1979).. 'A high-Mg parent liquid for the Gula ultrarrafics must 
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therefore be. considered. and will be discussed further in the light of 
whole-rock geochemistry. 
5.4 Whole-rock Geochemistry 
Thompson (1978) carried out a systenunatic survey of the whole-rock 
geochemistry of the Vakkerlien metagabbro complex. The study involved 
a total of 20 samples from the Main Body (profiles .550S and 950S, Fig. 
5.1) and six samples from the Second Body (profile 1400S, Fig. 5.1). 
He concluded that, although utamorphic effects were probably respon-
sible for the erratic behaviour of the elements when examined in detail, 
the overall variations of major oxides were consistent with a model in-
volving a differentiated sill-like intrusion, in which olivine was fol-
lowed by plagioclase fractionation. He suggested that the Shiarit Isles 
Sill of N.W. Scotland (Drever, 1953) was a possible analogy. 
Drill-core intersections at Kaltberget, and moderately good expo-
sure at Kletten have allowed the systematic collection and analyses of 
samples from these ultramafic bodies. The results of this study are 
presented below. However, the limited exposure and highly xenolithic 
nature of the Olkar and Gardsjoen metagabbros, the poor exposure at 
Undal, and the obviously cumulate and complexly brecciated nature of 
the Skjaekerdalen complex have precluded similar investigations of these 
bodies. 
Samples from Kietten were collected approximately every 25 m across 
profile lOOS (Fig. 5.41). While the western contact of the intrusion 
is exposed in the vicinity of this profile, the eastern boundary is not, 
arid lies in a gap in exposure of about .100 m. At Kaitberget, samples 
were selected every 4 m through drill-hole 76/4 (Figs. 5.30 and 5.36). 
Details of analytical techniques are given in Appendix A, and Tables 
A.7 and A.8 list full analyses. 
Variation. diagrams for ten major elesr.nts, using MgO as abscissa, 
are presented in Fig. 5.53. This figure also includes a small number 
of analyses of Graho and Plassbekken ultramafic rocks. While accepting 
the possibility of metamorphic modification of bulk chemistries, the 
following points are noted. 
On the Si02 , CaO, Na 20, and A1 203 diagrams the corrositions from 
Kaltberget and laetten plot in, or close to a polygon defined by the 
average olivine composition from ICLet -ten and Kaltberget, the average 
orthopyroxene and clinopyroxene analyses from 1etten, and a typical 
calcic plagioclase of approximately An 80 (Deer, Howie, and Zussman, 
1963, page 119, analyses 9). At Kaitberget, and at Ktetten the varia-
tion within each body projects towards the olivine apex, suggesting 
control by varying proportions of olivine in the rock. These character-
istics are consistent with petrological observations which indicate a 
dominance of olivine phenoorysts (with minor clinopyroxene) in a matrix 
of orthopyroxene and plagioclase. 
The variation between' Kietten' and Kaltberget, especially well dem-
onstrated by the Si02 diagram in Fig. 5.53, may be explained either by 
phenocr'yst mixing with a slightly more evolved liquid at KLetten, or by 
removal of late-stage interstitial liquid (perhaps by filter pressing) 
from Kaltberget. This between-intrusion variation is also displayed by 
the P2O5 , Ti02 , and MnO diagrams. On the Fe203 diagram, analyses com- 
monly plot on the iron-rich side of the polygon outlined above, presum- 
ably as a result of the presence of minor amounts of sulfide phases. 
However, the within-, and between-intrusion variations are still obvious. 
The occurrence of phiogopite, especially in the contacts of both Kalt-
berget and KLetten, suggests the metamorphic introduction of K, which 
perhaps explains the irregular distribution of points on the' 1(2  0-variation 
diagram. 
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Fig. 5.53 Variation of major oxides inGula ultramafic intrusions. 
Solid triangle - Kaitberget; solid square - Kietten; open triangle - 
Graho; inverted open triangle - Plassbekken. 
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Insufficient data, to allow meaningful interpretation, are avail-
able from Plassbekkenl or 'Gr'aho, where the mall size of the bodies 
would increase the likelihood of metàsomatic alteration. However, it 
is noticeable that analyses from &aho commonly plot close to the oh-
vine apex, which agrees favourably with the high proportion of olivine 
pseudomorphs observed in thin-section. 
The variation of MgO-content as a function of position within the 
inUusives is shown in Fig. S. 54. At Kaltberget a saw-tooth effect is 
obvious, in which MgO-content increases rapidly from the top, decreases 
gradually towards the central parts of the body, increases rapidly down-
wards again, and finally decreases gradually towards the base of the 
intrusion. Patterns such as this in the ul-trairafic lenses at Yakabindi, 
Western Australia, have been taken by Naldrett and Turner (1977) to 
indicate successive influxes of phenocryst (olivine) - rich magma., which 
subsequently underwent gravitational settling. If such a process occur-
red at Kaltberget, two phases of magma input are indicated, together 
with structural inversion of the intrusion as a whole (Fig. 5.54). 
While the development of metasonatic reaction zones around ultra-
mafic bodies is well documented (Read, 1934; Curtis and Brown, 1969), 
the assyilffnetl'ic pattern displayed by the MgO-variation through Kaltber-
get suggests a pr1nry igneous origin. 
At KLetten, the pattern is more obscure. The eastern contact of 
the  intrusion is not exposed on profile 100S. However, it is well seen 
along the shores of the lake which marks the northern-most extent of 
the intrusion, and is marked there by a felspathic border zone similar 
to that occurring on the western boundary. MgO should therefore decrease 
outwards towards the eastern contact as indicated by the dashed line in 
Fig.. 5.54. The pattern then displayed is more syimietr'ical than that at 
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Fig. 5.54 Chemical variation along Kletten profile 100S, and Ialtherget 
drill hole 76/4. Stippled area - disseminated mineralisation as indic-
ated by Ni-assays greater than 0.1 wt %. 
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in which the differentiation process was flow, ratherl than gravity 
controlled (Bhattachàrgi' and Smith 1964). 'Alternatively -., as sample 
spacing was so much eater' than at Kaitberget,, some detail of the 
variation may be' lost, and a multiple intrusion controlled by either 
flow or gravity differentiation might also explain the pattern. 
The variations of CaO and Al  0 3 are also presented in Fig. 5.54. 
At both Kaitberget and IG..etten, CaO, in general, varies inversely with 
MgO, while Al  03 behaves similarly at Kietten'. At Kaitberget, however, 
A120 3  shows little variation across the body, perhaps as a result of 
metamorphic nobility. .The sharp increase in Al  0 3 and CaO towards the 
top of lKaltberget, corresponding to a rapid decrease in MgO, presumably 
related to contamination of the intrusion by the country-rock schists. 
If the intrusion of an olivine-liquid crystal mush is accepted for 
the origin of the ultrarrafic bodies, then it is possible to make sons 
suggestions as to the possible composition of the parent liquid involved. 
Samples 77.63 and 77.66 at Kietten, and sanple. 77//58 at Kaitberget 
have the lowest MgO-contents with the exception of contact lithologies; 
they should therefore be the least phenocryst enriched. 'Furthermore 
they occur in the centres of the intrusions and are the least likely to 
have suffered contamination from the county rocks. These sariples should 
therefore represent the closest approximation available to the composi
tion of the parent liquid. 
Roeder (1974) and Roeder and Eirslie (1970) have shown experimentally 
that the composition of olivine, with regard to its Mg- and Fe-contents, 
is independent of other elements in the liquid; of temperature and pres-
sure; and is solely dependent on the 'abundance of these elemants in the 
liquid. Furthernore, they showed that the distribution coefficient 
(where X = mole fraction) 
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for Fe and Mg between' olivine (ol) and liquid (liq) was constant, and 
independent of teiieràture or liquid composition, with a value of 0.30. 
More recent experimental data however, suggests that this value is 
slightly low, and a value of 0.33 is now preferred (0'Hara et al., 1975). 
The coirDosition of olivine can therefore be used to predict the Mg/Fe 
ratio of the liquid from which it crystallised, or conversely, the corn-
position of olivine which would crystallise from a liquid of lricwn com-
position may be calculated. 
If samples 77.63 and 77.66 approximate to the composition of the 
liquid at Iüetten, then the predicted conosition of olivine in equili-
brium with this ."liquid" should correspond to the observed olivine com-
positions. 
Carrying out the calculations outlined above on sanles 77.63 and 
77.66 predicts equilibrium olivine compositions of between Fo 92 (ferric/ 
ferrous ratio in "liquid" = 0) and Fo 9  (ferric/ ferrous ratio in "liquid" 
0.2). In view of the probable mantle source of high-Mg liquids, and 
the further evidence presented below, and in Chapter 6, for such parent 
liquids at Kaltberget and KLetten, it is likely that original ferric/ 
ferrous ratios were negligible. The lower value of forsterite-content 
is therefore favoured, and is in reasonable agreement with the most mag-
nesian olivine-core composition of Fo 89 recorded at KLetten. Sample 
77//58 from Kaitberget, however, predicts equilibrium olivine composi-
tions of at least Fo95 ., and therefore requires some phenocryst (olivine) 
enrichment. 
Theoretical (Usse)innet al., 1979) and experimental (Carrpbell, 
1978) investigations of cumulate rocks' have shdn that close packing of 
2OL: 
olivine phenocrysts allows a minimum of 40 vol% intercumulus liquid. 
The application of this constraint to the approximate, liquid caripo-
sitions suggested by samples 77.63 and 77.66', and the average olivine 
composition from I<altberget and 1etten, gives a calculated ''cumulate 
ii<" composition very similar to themost magriesian sample at Kalt-
berget (77/4/46). The calculation is illustrated in Table 5.3. 
Column 1 is the average composition of samples 77.63 and 77.66, and 
column 2 is the average olivine composition (wavelength dispersive 
methods) from Kaitberget and lKletten. Column 3 is the calculated com-
position of a hypothetical cumulate rock composed of 40% liquid (as in 
column 1) and 60% olivine (as in column 2). Column 4 is the analysis 
of sample 77/4/46, which is regarded as the basal, and most phenocryst-
enriched part of one of two intrusive phases at Kaitberget. The close 
agreement between columns 3 and 4 supports the possibility that samples 
77.63 and 77.66 represent close approximations to liquid compositions. 
The composition of the parent liquid for these ültramafic intru-
sions will be discussed further' in the light of details of sulfide 
chemistry presented in Chapter 6. 
5.5 Discussion - The Origin of Gula Ni-Cu Sulfide Deposits. 
On a world-wide basis it is now generally accepted that Ni-Cu sul-
fide ores associated with mafic and ultran.fic igneous rocks are, at 
least originally, of magmatic origin, although metamorphic processes 
may be responsible for their concentration to form economic are bodies 
(e.g. Barrett et al., 1976, 1977). Three lines of evidence have lead 
to this conclusion and are outlined belcw. 
a) The single most striking piece of evidence is found where ores are 
located in relatively undefbrd rocks'. In such examples the ores are 
almost always localised' towards the stratigraphic base of the 'magmatic 
Table 5.3 	Mixing calculation for  
uThamafic intrusions. 	See text 
for details. 
1 2 3 4 
Si02 50.34 39.94 44.10 4594 
Al 0. 2 6.04 - 2.42 3.91 
FeO 8.13 14.23 11.67 9.94 
MgO 19.00 45.14 34.68 .32.79 
CaO 12.96 0.09 5.24 4.29 
Na2 0 1.25 - 0.50 0.80 
0.48 - 0.19 0.31 
Ti02 0.57 - 0.23 0.25 
0.16 0.26 0.22 0.14 
P20 5 0.05 - 0.02 0.03 
TOTAL 	98.98 	99.46 	99.27 	98.40 
average corrosition of sailes 77.63 and 77.66 
average olivine from Kaltberget and Kietten 
3.. hypothetical rock consisting of 40 vol% of column 1 
and 60 vol% of column 2 
4. 	sanple 77/4/46 
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unit with which. they are associated. This is true of the Ores of the 
Sudbury, Ungava, and Thiunins Ni-cams of Canada (Naldrett , 1979)., of 
the ores of the Kajra1da, Scotia, Widgierrooltha district of Western 
Australia (Hudson, 1972, 1973), of most of the Ores of the Duluth com-
plex (Bonnithsbn, 1974) and of the rrjority of deposits in the Noril' sk 
and Pechenga mining camps of the U. S. S. R. (Gcxilevskii, 1959; Haapala, 
1969). As Naldrett (1979) points out, such a spatial relationship be-
tween ores and host rocks is entirely expected in view of the magmatic 
model which predicts that an immiscible sulfide liquid of density 3.9 
g/cc will migrate dinwards through a silicate rrlt of density 2.6-3.0 
g/cc. 
Further compelling arguments in favour of the magmatic model are 
found in the chemistry of the sulfide Ores, which show concentrations 
of exactly those elements (Ni, Cu, Co, and platinum-group (P.G. ) ele-
ments) experimentally predicted to partition into a sulfide phase under 
magmatic conditions (MacLean and Shimazaki, 1976; Fleet et al., 1977; 
Raj amani and Naldrett, 1978). Furthermore, zinc, hibh is known to be 
concentrated, transported, and precipitated by hydrothermal solutions 
is almost totally absent from Ni-Cu ores, yet present in their host 
rocks, while Ni and PG elements are absent in massive sulfide deposits 
of known hydrothermal origin. 
The third convincing line of evidence for a magmatic origin of 
Ni-Cu ores is the textural relationship between the sulfides and the 
host silicates. The sulfides commonly form a network interstitial to, 
and enclosing, the silicate minerals. Such textures are especially 
common in relatively undeformad ores, and would require somewhat unlikely 
conditions of selective, mineral replacement if they were to be of sec-
ondary, non-magmatic origin. 
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5.5.1 	The .metagabbros. 
It is clear from their very definition that the.. Ni-Cu deposits 
associated with Gula metagabbroic complexes fulfill the chemical re-
quirements of rnaatic sulfide ores. 
At Skjaeke±-dalen, a basal accumulation of sulfides is not apparent. 
However, consideration of sulfide-silicate textural relationships may 
help to explain this. Where mineralisation is hosted by ultramafic 
lithologies, sulfides are always interstitial to silicate minerals. 
In more gabbroic lithologies interstitial textures occur together with 
fragments of massive sulfide, while in more leucocratic hosts, sulfides 
occur largely as angular fragments. 
If the model of successive intrusion of progressively more evolved 
liquids (perhaps from a fractionating magma chamber at depth) is accep-
ted as accounting for the field relations, and large scale textures of 
the Skjaekerdalen complex as a whole, a situation could be envisaged in 
which the earliest intrusion involved both a basic silicate magma and 
an immiscible sulfide liquid. The sulfide magma would settle downwards 
through the silicate liquid to form an accumulation of massive sulfide 
at the base of the intrusion. Ultrairaf Ic cumulates crystallising from 
the silicate magma would be pressed 'downwards (Hudson, 1972; Naldrett, 
1973) into this basal pool of sulfide liquid (Kullerud, Yund and Moh, 
1969 , have shown that a sulfide liquid of the composition of a typical 
Ni-Cu ore would solidify at about 10500C). The resulting stratigraphic 
sequence would be one in which massive sulfide was overlain by a matrix 
ore In which silicate minerals float in an interstitial network of sul-
fides. This zone should pass gradually upwards through disseminated 
interstitial ore to barren ultramafic and naf ic cumulates. Consider 
now a second input of gabbroic magma, which disrupts the sequence esta-
bushed above. Large scale textures in which 'fragments of massive 
F1 
sulfides are included. in a gabbróic. host, together with fragments of 
ultramafic cumulates-which may themselves carry interstitial suif ides 
would result. 'PrOvided that the temperature of the second intrusion 
was greater than 1050°C, at least partial melting of the disrupted 
massive sulfides should occur, giving rise to further interstitial 
ores in gabbroic hosts (and possibly a second generation of basal 
massive sulfide), together with partially "assimilated" frag-
ments of massive sulfide. The model is completed by the further in-
flux of a more evolved silicate liquid at a temperature below 1050 °C. 
Ultrainafic fragments carrying interstitial ores, together with gabbroic 
fragments carrying both interstitial and fragmental ores, and fragments 
of massive sulfide would be included in this rock on solidification. 
Therefore, the full range of ore textures, together with the large 
scale spatial distribution of rock types at Skjaekeralen, can be sat-
isfactorily explained by assuming a magmatic origin for the sulfides, 
indeed, they would be difficult to explain by any other process. It 
is noteworthy that the above sequence of events might also occur within 
the limits of a single magma chanber, undergoing crystal fractionation 
and disruption of cumulate portions by the evolving liquid. 
The apparently unmineralised nature of the Undal intrusion, when' 
crared with the Skjaekerdalen complex, poses an intriguing problem. 
Consideration of olivine compositions provides a possible explanation. 
Duke and Naldrett (1978) modelled, by computer, the differentiation 
of a komatiltic magma by the fractional crystallisation of olivine in 
the presence and absence of an immiscible sulfide liquid. They demon-
strated that the Ni-content of olivine crystallising from such magmas 
decreases rapidly when the magma becomes saturated with respect to sul-
fur (i.e. when an immiscible sulfide liquid is precipitated). 'The 
we 
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modelling, demonstrated in Fig. 5.55a, is based on.an initial liquid 
corniosition whith is-the'-average of several published analyses of 
spinifex-textured komatiite flows from Yakabindi, Western Australia. 
In Fig. 5. 58b curves marking the maximum Ni-values for given Fo-
contents of olivine from the' Rhum layered intrusion of the' British 
Tertiary igneous province (unpublished data, McClurg, 1980), and from 
ultramaf ic nodules of mantle '(Hamad, 1963; Frey and Green, 1974; Boyd 
et al., 1976; Danchin and Boyd, 1976) and cumulate (Dawson and Smith, 
1973) origin, are superimposed on the calculated data of Duke and 
Naldrett (1978). The discrepancy between the modelled sulfur-under-
saturated curve, and the data from Rhum (where liquid compositions 
are believed to be controlled by olivine fractionation - McClurg, 
pars. cam., 1980) and the ultramaf Ic nodules suggests either, that 
Duke and Naldrettts (1978) initial liquid composition was unrealisti-
cally low in Ni, or that their assumptions with regard to the parti-
tioning behaviour of Ni were in error. In this context, it is inter-
esting to note that the initial silicate liquid assumed by Duke and 
Naldrett (1978) contained 32.0 wt% MgO and 1600 ppm Ni. 'investigation 
of published analyses reveals that spinifex-textured komatiite flows 
of comparable MgO-content may contain as much as 1900 ppm Ni (Nesbitt 
and Sun, 1976). However, the overall similarity in geometry between 
the calculated sulfur-undersaturated curve and the natural data (Fig. 
5.55b) suggests that the modelling itself is reasonable, and there is 
certainly no justification to doubt the general relationships between 
the compositions of olivines crystallising from sulfur-undersaturated, 
and sulfur-saturated magrnas. 
With regard to the sulfur-saturated trends, Duke (1979) demonstra-
ted the considerable effects of varying the ratio of olivine to sulfide 
magma being removed from the' silicate liquid, with a decrease in this 
Fig. 5.55 a) Composition of olivines fractionating from sulfur-
undersaturated. (heavy solid line) and sulfur- saturated (light 
solid lines) komatijtic liquids, where the silicate magmas become 
saturated with respect to sulfur after various degrees of olivine 
fractionation (redrawn from Duce and Naldrett, 1978). 
As a), but with data from Rhum (dot-dashed line) and 
ultrarnafic nodules (dotted line) superimposed. See text for details. 
As b), but with average compositions of olivines from 
Undal (square - rneta,gabbro; square with x - ultramafic xenolith), 
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value leading to enhanced Ni-.depletion trends. The ratio is controlled 
by the solubility of sulfur in the silicate liquid, which , on the basis 
of experimental investigations (Haughton et al. , '.l97; Shi.ma and 
Naldrett, .1975), is expected to decrease with ongoing olivine frac-
tionation, as th& liquid becomes less niafic, and the temperature drops. 
Duke and Naldrett (1978) included these experimental data in their 
computer modelling and showed that errors in estimates of sulfur sol-
ubility of as much as 25% had little effect on the sulfur-saturated 
trends. 
A further complication, involving the possible fractionation of 
pyroxene in addition to olivine, must be considered. As the Ni par-
tition coefficients for pyroxenes and basic silicate liquids are much 
lower than for olivines (Duke, 1976; Gill, 1978), fractionation of 
both olivine and pyroxene will produce less pronounced Ni depletion 
trends than those resulting from separation of olivine only.. 
In conclusion, the discussions below, and in the following sec-
tion, regarding the composition of olivine, and its relationship to 
the presence of an immiscible sulfide liquid, involve the following 
assumptions 
The data from Rhum and ultramafic nodules presented in Fig. 
5.55b, are representative of natural sulfur-undersaturated com-
positions. 
While accepting the possibility of modification of the sulfur-
saturated trends by fractionation involving varying ratios of 
olivine to sulfide magma (Duke, 1979)., the modelling of Duke and 
Naldrett (1978) involved realistic estimates of this ratio, and 
the general relationships between sulfur-undersaturated and sulfur-




3. Crystallisation and separation of both olivine and pyroxene 
as compared with fractionation of olivine alone, will result in 
less pronounced Ni-depletion trends in both sulfur-undersaturated 
and sulfur-saturated situations. 
1+. While sub-solidus re-equilibration of orthopyroxene and olivine 
rims has been observed at Kietten, only analyses of olivine cores 
are considered below, and these are assumed to approximate closely 
to primary magmatic compositions. 
Olivines from the metagabbros at Undal average Fo687 and 0.15 
wt% Ni (Table 5.2), and imply equilibration with a sulfur-undersaturated 
silicate magma, derived by the fractionation of both olivine and pyrox-
ene (Fig. 5.55c). These observations are consistent with the uninineral-
ised character of the intrusion, as presently known, and suggest that 
further exploration would be unlikely to reveal any significant concen-
trations of sulfide mineralisation. 
In contrast, olivines from the ultranafic xenolith at Undal have 
average Fo- and Ni-contents of 83.3 mole% and 0.0 1+ wt% respectively 
(Table 5.2), requiring equilibration with a silicate magma, saturated 
with respect to sulfur (Fig. 5.55c). It has previously been proposed 
that this xenolith is of cumulate origin (5.3.3). In view of the evi-
dence suggesting crystallisation from a sulfur-saturated and Ni-depleted 
silicate liquid, a cognate relationship with the metagabbros is unlikely, 
and it is therefore concluded that the xenolith was accidently included 
at some stage prior to the intrusion of the sulfur-undersaturated Undal 
Olivines from the Skjaekerdalen complex average Fo75 2 	0.10 
w-t% Ni. According to Fig. 5.55c, these values suggest equilibration 
with a sulfide liquid, in agr'eemant with the observed mineralised 
character of the intrusion. 
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Spatial and textural relationships at Vakkerlien and O]Jcar are 
difficult to explain, probably because of the intense deformation 
suffered by these intrusions. Further comment on these bodies will 
be deferred until Chapter 6. 
5.5.2 	The ultrarnafics. 
As with the matagabbros, the chemical characteristics of nickel-
copper ores associated with ultrarrafic intrusions within the Gula Group 
are typical of magmatic sulfide deposits. The central location of the 
high-grade mineralisation at Ka.ltherget Main Body (drill-holes 76/6, 
76/8, and 76/12, Fig. 5.36), together with the locations of sulfide 
disseminations at the upper margin, and in the central parts of the 
ultrarnafic in drill hole 76/4, are perhaps soiwhat puzzling. However, 
when viewed in the light of Fig. 5.54, these relationships not only 
provide strong evidence of a magmatic origin for the ores themselves, 
but strongly support the earlier suggestion of an inverted, -two-phase 
intrusion of an olivine-rich crystal mush which underwent gravitational 
differentiation. The sulfides would percolate downwards through the 
crystal mush to collect at the base of each intrusive cycle. 
However, the occasional globular textures observed in the high-
grade ore at Kaltberget Main Body are inconsistent with this hypoth-
esis. Such textures are thought to be the result of the sulfides 
crystallising before the surrounding silicate minerals (Naldrett, 1969). 
In a dry environmant it is unlikely that the silicate liquidus 
would not have been attained before the sulfides finally solidified 
at about 105 0°C (Kullerud et al., 1969). Hcever, it is possible that 
a high water pressure, which would not affect the sulfide malting 
temperature, might lower the silicate liquidus sufficiently to allo 
the sulfides to solidify first (Naldrett, 1969). Such high water 
pressures would stabilise anhibole at an early stage of silicate 
Z -14 
crystallisation :, and indeed, the classical "bu)ç shot t ' ore at 
Sudbury is confined to a hornblende-quartz--diorite, and is never 
found in the sub-layer norite (Naldrett, 1969). At Kaltberget, the 
abundant petrological and chemical evidence for the intrusion of a 
crystal mush, involving olivine and a high-Mg liquid, is incompatible 
with such an explanation. It must therefore be concluded that the 
Globular ores are the result of a metamorphic coagulation of sulfides, 
originally interstitial to primary igneous silicate phase. 
The mineralisation associated with the Satellite Body at Kalt-
berget is of more problematical origin. However, the dominance of 
Stringer ore-types, together with the occurrence of monoclinic pyr-
rhotite, which has recently been demonstrated to be preferentially 
concentrated in zones of high strain (Kubler and Lindqvist, 1979), 
may indicate that, rather than a passive rretarnorphic coagulation of 
sulfides as in the Main Body (containing hexagonal pyrrhotite only), 
the ores of the Satellite Body have suffered a dynamic deformational 
remobilisation. It is therefore suggested that the Satellite Body 
is a small pod, tectonically separated from the adjacent, stratigra-
phically basal parts of the Main Body. 
An explanation for the relatively barren nature of the KLetten 
ultramafic with regard to sulfide mineralisation, when compared with 
Kal-tberget, may be sought in a comparison of olivine compositions. 
At Kaltberget, the average olivine has a Fo-content of 81.7' mole% 
and contains 0.17 wt% Ni. From Fig. 5.55c such a composition is con-
sistent with crystallisation from a sulfur-saturated silicate magma. 
Furthermore, the average composition of Ktetten olivines, Fo87 .1  and 
0.06 wt% Ni, also indicates equilibration with a sulfide liquid. 
However, the much higher Ni-content of Kaltberget olivines suggets 
that they crystallised from a silicate malt which had been saturated 
with respect to sulfur for a much smeller proportion of its history 
than the magma fractionating the 1etten' olivines. It is possible 
that the Kietten magna may have separated a sulfide liquid at some 
time before its final enpiacenent, which by some means, possibly grav-
itationally controlled, became separated from its parent silicate melt. 
In contrast, the Keltberget magma became sulfur-saturated at a much 
later stage in its history and may consequently have retained its 
sulfide melt until introduced to its present position. Alternatively, 
a flow control-led differentiation at IQetten (5.4) may have prevented 
concentration of a sulfide magma by gravitational processes (as at 
1ltberget) such that the sulfides remain disseminated throughout the 
ultranafic body. A third possibility is that an unexposed zone of 
higher-grade sulfide mineralisation exists at Kietten. However, the 
good exposure over the northern parts of the body, together with the 
lack of any characteristic geophysical anomalies (uripubi. data - A/S 
Sulfidmaim) suggests that such an explanation is unlikely. 
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GEOC1MISTRY. OF THE NICKEL-COPPER SULFIDE MINERALISATION 
The geochemistry of the various nickel-copper ores described in 
Chapter 5 has been investigated. The samples studied are identified 
and classified according to ore-type and ore-grade in Appendix D. 
Information on bulk sulfide chemistry has been obtained for the Olkar, 
Skjaekerdalen, and Kaitberget Main Body prospects using atomic absorp-
tion and colorinetric methods (Appendix C). This is supplemented by 
data on Va.kkerlien from Thompson (1978), and by assay analyses of 
Olkar and Kaltberget drill core made available by A/S Sulfidrnalm. 
Mineral chemistry has been studied using a Caithridge Mark V electron 
microprobe at the University of Edinburgh (Appendix B). 
In this chapter, element abundances are generally quoted as 
weight percents, or ratios thereof. However, in the case of pent-
landite, the recent literature is dominated by the use of atomic per-
cents. This convention is followed here, and where ratios of atomic 
percents are quoted as absolute values, they are-identified as such. 
Before entering into a discussion of ore chemistry, a brief 
summary of phase equilibria relating to magmatic sulfide ores is pro-
vided. 
6.1 Phase Equilibria Relating to Magmatic Ni-Cu Ores. 
It may be said of the vast majority of magmatic sulfide deposits 
that virtually the entire sulfide mass lies within the system Fe-Ni-
Cu-S. In general pyrThotite is the dominant phase present, with les-
ser and variable amounts of pentlandite, chalcopyrite, pyrite, and 
cubanite. Of the four ternary systems forming the boundaries of the 
Fe-Ni-Cu-S quaternary, 	Fe-Ni-S is by far the most important with 
regard to deppits of this nature. The general phase relations within 
this system were first outlined by Lithdqvist (197 ) and have, since been 
considerably extended and refined. 
Equilibria at high temperatures are dominated by an (FeNi)1S 
solid solution knownl as the monosulfide solid solution (Mss), which 
spans the system from a temperature of nearly .1000°C to belci 400oC 
(Naldrett et al., 1967; Misra and Fleet, 1973) and possibly to 300 °C 
(Craig, 1973). Considerable amounts of copper (up to 5% at 700 0C, 
Yund and Kullerud, 1966) and Co may be accommodated in this, phase. 
The bulk compositions of many magmatic sulfide deposits (Skinner and 
Barton, 1973), and of immiscible sulfide droplets in basaltic lavas 
(Skinner and Peck, 1969) suggest that they would crystallise initially 
as Mss, which may remain the only sulfide phase present until consid-
erable cooling has taken place. 
As cooling proceeds the sulfur-rich and sulfur-poor boundaries 
contract inwards until the Mss breaks down below 4000C (Misra and 
Fleet, 1973; Naldrett et al., 1967), or, as suggested by Craig (1973), 
below 3000C, to form a central miscibility gap. During this cooling 
sulfur rich compositions would exsolve pyrite, and eventually pent-
landite at 212±13 0C (Craig, 1973) while sulfur-poor assemblages will 
exsolve firstly a (NiFe)3+ 2 phase which at 610 0C (Kullerud, 1963) 
reacts with Mss to form pentlandite, which at yet lower temperatures 
becomes the exsolving phase. Below 250 0C the iron-rich portion of Mss 
in which the bulk compositions of many magmatic sulfide deposits lie, 
contracts towards pyrrhotite, exsolving pentlandite and pyrite (Craig, 
1973; Misra and Fleet, 1973). The limited solid solution towards 
copper also contracts on cooling by exsolution of chalcopyrite and 
cubanite (Yund and Kullerud, 1966; Cabri, 1973). 
A 40&C isothermal section of the Fe-Ni-S ternary system is pre-
sented in Fig. 6.1. The extent of the Mss phase at such temperatures 
is well demonstrated. 
Fe 
Ph 00" 
Fig. 6.1 Isothermal diagram of the Fe—Ni—S system at 400 °C in 
the presence of vapour. (From Craig et al., 1967). 
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6.2 Bulk Sulfide Chemistry. 
Table 6. 1 presents partial analyses of bulk sulfides from Kalt-
berget Main Body, 0Tha±, and Skjaekerdalen, and Table 6.2 lists 
assay analyses of Ni, Cu, and S obtained by A/S Sulfidmaim. 
Cu/Cu + Ni ratios (Table 6.1) are extremely variable at Olkar 
and at Skjaekerdalen, which agrees with their erratic nodal pyrrho-
tite to chalcopyrite ratios (Chapter 5), and probably reflects secon-
dary remobilisation of chalcopyrite. At Kaltberget however, much more 
consistent values are observed giving an average Cu/Cu + Ni ratio of 
0.13. This is in reasonable agreement with the average of 76 assay 
analyses giving a value of 0.16. Cu/Cu + Ni ratios of individual 
samples of Vakkerlien ore are erratic, as at Olkar and Skjaekerdalen 
(Thompson, 1978), however, A/S Sulfidmaim tonnage calculations suggest 
an average ore grade of 1.08 %Ni and 0.39%Cu indicating an average 
Cu/Cu + Ni ratio of 0.26. 
Considerable attention has been paid to the relationship between 
Cu/Ni ratios of magmatic sulfide ores and the cairposition of the host 
silicate magme. (Wilson and Anderson, 1959; Naldrett and Cabri, 1976; 
Rajaneni and Naldrett, 1978). The relationship has been quantified 
experimentally by Rajaneni and Naldrett (1978) who found reasonable 
agreement with the reported compositions of naturally occurring mag-
matic ores and their host rocks, as shown in Fig. 6.2. 
The possibility of differential nobility of chalcopyrite at Olkar 
and Skjaeker'dalen limits the usefullness of the observed sulfide Cu/Cu 
+ Ni values to estimates of host rock composition, and as will be shown 
later, the ores at Vakkerlien are probably considerably enriched in Ni 
as a consequence of metamorphic processes. However, at Kaltberget 
(Main Body) the more constant sulfide rdal proportions and Cu/Cu + Ni 
ratios, together with the lack of Vein or Stringer ore-types, suggests 
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Ni Cu Co Fe Cu/Cu+Nj Nj/Co 
OLKAR 
77/2/15.00 2.40 0.59 0.26 56.91 0..20 8.66 
77/l/6.60a 1.79 0.06 0.17 58.59 0.03 10.26 
77/3/8.65 1.44 0.28 0.12 53.92 0.16 11.89 
77/4/31.56 1.01 0.09 0.12 55.93 0.06 8.67 
77/4/23.70 0.64 0.19 0.10 43.78 0.23 6.53 
77/2/14.90 1.79 0.56 0.19 57.33 0.24 9.21 
SKJAEKERDALEN 
78/77 3.30 2.39 0.06 . 36.00 .0.42 51.56 
77.330 2.70 0.11 0.11 54.45 0.04 23.94 
77316 3.42 0.46 0.14 49.53 0.12 24.10 
78.76 2.87 .1.13 0.12 49.48 0.28 23.73 
77.307* .0.81 0.82 0.12 53.10 0.50 6.95 
7871 3.22 1.19 0.16 53.63 0.35 20.02 
77300b 2.37 0.98 0.18 51.08 0.29 13.33 
KALTBERGET 
77/12/4.30 . 	 6.05 1.36 0.23 51.70 0.18 25.88 
77/8/21* 3.44 0.31 0.15 53.51 0.08 22.77 
77/6/1.5 	. 5.96 0.99 0.24 49.69 0.14 25.27 
77/8/17.77 3.14 0.47 0.15 51.71 0.13 21.34 
77/12/7.55 .4.27 0.64 0.17 54.40 0.13 25.25 
* Average of two analyses. 
TABLE 6.1 Partial analyses of the sulfide fraction of ores from 
Olkar, Skjaekerdalen, and Kaitberget (Main Body), with some element 




76/1 5.85 - 7.00 
76/1 14.30 - 16.25 
76/2 14.00 - 15.50 
76/4 33.00 - 33.95 
KALT2RGZT 
76/6 0.00 - 1.00 
76/5 1.00 - 2.00 
76/5 2.00 - 3.00 
75/12 2.70 - 3.00 
76/12 3.00 - 4.00 	- 
76/12 4.00 - 5.00 
76/12 5.00 - 6.00 
76/12 6.00 - 7.00 
76/12 7.00 - 8.00 
Ni 	Cu 	S 
0.47 0.09 7.3 
1.70 0.01 27.0 
1.78 1.18 22.5 
1.33 1.29 23.0 
0.56 0.04 2.2 
2.25 0.36 9.2 
0.44 0.07 1.8 
1.05 0.23 6.0 
0.68 0.14 4.0 
2.25 0.50 10.8 
1.62 0.32 7.4 
2.25 0.41 9.9 
1.15 0.23 5.9 
TABLE 6.2 Assay analyses of Olkar and Kaitberget 
(Main Body) ore (all values in wt %). (Unpublished 
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Fig. 6.2 Calculated relationship between Cu/Cu+Ni 
ratios of sulfide liquids and wt/o' MgO of komatiitic 
magmas, and observed compositions of magmatic sulfide 
deposits and their host rocks. (From Rajamani and 
Naldrett, 1978). 
that little, sulfide .reirbbilisation has taken' place. . Furthermore, as 
will be. éxlained. later in this chapter, the chemistry of these ores 
probably represents their original magmatic composition. From Fig. 
6.. 2, the compositions of sulfides' at Ka1tbex'et' are consistent with 
equilibration with a silicate magna of between 15 arid. .20% MgO, which 
agrees' well with estimates of liquid composition based on silicate 
mineral and bulk chemistry (Chapter 5). 
Ni- and S-contents of VaJckerlien, 01ka±, and Kaltberget ores are 
shown in Fig. 63. Data for Vakkerlien is from Thouson (1978), while 
for Olkar and Kaltberget the data presented in Table 6 2' are plotted. 
Average Ni/S ratios are indicated together with the average Ni/S ratio 
of sulfide ores from the Sudbury intrusive complex, Ontario. The 
ores at Sudbury are relatively undefonid, are thought to be associa-
ted with a basic silicate magma (Rajamani and Naldrett, 1978), and 
are probably the most intensely studied magmatic sulfide ores in the 
world. An average composition of the: ores has not been published. 
However, an estimate has been attempted by using the average pyrite 
+ pyrrhotite to pentlandite to chalcopyrite ratios suggested by 
Hawley (1962), and by assuming mineral compositions of pentlandite - 
(Fe Ni)9S 8'  chalcopyrite - Cu Fe 	and iron sulfides consisting of 
pyrrhotite and pyrite of average composition Fe 	An average coin- 
position of 52% Fe; 5% Ni; 5% Cu; and 38% S has been calculated. Fig. 
6.3 demonstrates that, when compared with Sudbury, the ores at Kalt-
berget, and especially at Vakkerlien are considerably enriched' in Ni 
relative to 5, while those at Olkar are depleted'. 
A triangular Fe-Ni-Co diagram is presented in Fig. 6.4. The' sca-
ling factors used prevent the various ores from clustering close to 
the Fe-apex, . without altering their relative positions. Average Ni/Co 
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Fig. 6.3 Plot of Ni vs S for Olkar (solid squares); Vakkerlien (open squares); and Kaltberget Main Body 
(triangles) sulfides. Average Ni/S ratios are indicated (V - Vakkerlien; K - Kaitherget; 0 - Olkar) 
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Fig. 6.4 Vakkerlien (open squares), Olkar (solid squares), Skjaekerdalen (diamonds), and Kaltberget Main 
Body (triangles) sulfides plotted on an Fe-Ni-Co diagram. Average Ni/Co ratios are indicated (V - Vakkerlien, 
o - Olkar, K - Kaitberget) together with a value for Sudbury sulfides (S). 
U, 
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Sudbury (Green, 1975). At Vakkerlien, considerable enrichnnt of 
Ni relative • to Co (average Ni/Co ratio - 54. 4) is: apparent, while at 
Olka.r (average Ni/Co ratio - 9.2)  the ores are depleted in Ni when 
compared with Sudbury. IKaltberget and Skj à.ekè±dalen display average 
Ni/Co ratios very similar to Sudbury (23.9 and 23.4 respectively), 
although the range for Skjaekerdalen ores is considerably greater 
than any of the other prospects, and the average has not been illus-
trated on the diagram. 
Thompson (1978), using data from Green (1975), indicated a rela-
tionship between the Ni/Co ratio of sulfide ores and the composition 
of their host rocks. Such a relationship had previously been noted by 
Wilson and Anderson (1959) and Haakli (1963). In general Ni/Co in the 
ores decreases with MgO-content of the host, although the relationship 
is not nearly so obvious as that for Ni/Cu ratios. Ores associated 
with basic host rocks have Ni/Co ratios between 10 and 25, while depo-
sits of kontiitic association (MgO > 30%) have values ranging from 75 
at Nepean (Western Australia) to approximately 30 at Alexo (Ontario). 
The enrichment of Ni relative to Co at Vakkerlien is obviously enig-
matic, while at Olkar, the Ni/Co ratio is somewhat loi when compared 
with deposits on a world-wide basis. Skjaekerda.len shows highly vari-
able values (Ni/Co 7 to 52), and Kaltberget cannot be considered in-
consistent with a host silicate magma of 15-20% MgO. 
Thompson (1978) suggested that the bulk chemistry of Vakkerlien 
ores, like that of so many magmatic sulfide deposits, was likely to 
lie in the field of Mss at .400°C. Although no complete analyses are 
available., the partial analyses presented in Tables 6.1 and 6.2, to-
gether with the pyrrhotite dominated nodal compositions described in 
Chapter 5, would meke it unlikely for any of the Gula. natic sulfide 
ores to lie off the Mss field at such temperatures*. 
227 
A discussion of the. variation of bulk sulfide chemistry between 
deposits follows a désiption of sulfide mineral chemistry. 
6.3 Sulfide Mineral Chemistry. 
	
6.3.1 	Pyrrhotite. 
Pyr'rhotite analyses from the various prospects are listed in Table 
B. 18. In ores associated with ntaga.bbroic intrusions, Ni + Co is 
always less than 1.0 wt%, in agreement with the data (Ni-contents only) 
of Papunen (1970); Vaughan et al. (1971); Graterbl and Naldrett (1971); 
Harris and Nickel (1972), and Misra and Fleet (1973). Ni/Co varies from 
0.3 to 9.2, and at Olkar, shows a tendency to be greater. (3.2 to 7.8) in 
the Massive ores, than in the lower-grade varieties (0.3 to 4.0). 
At Kaitherget Ni + Co may reach 1.2 wt% in the monoclinic pyrr'ho-
tite of the Satellite Body, but ranges from 0.4 to 0.9 wt% in the hex-
agonal pyrrhotite of the Main Body; Ni/Co ranges from 2.5 to 8.3. At 
KLetten Ni + Co is always less than 0.6, and Ni/Co ranges from 1.4 to 
4.4. 
In no case has it been possible to establish a relationship between 
Ni/Co ratio and the structure of the pyhotite phase. 
6.3.2 	Pyrite. 
Pyrite analyses have been obtained from Olkar and Kletten, and 
are listed in Table B.21. Ni + Co varies from 0.1 to 4.5 wt%, with Ni 
generally less than 1.0 wt%, consistent with final equilibration below 
143°C (Clark and Kullerud, 1963). Ni/Co ratios are highly variable and 
either Ni or Co may be dominant. The great variation of pyrite Ni- and 
Co-content is consistent with the previous data of Misra and Fleet (1973). 
6.3.3 	chalcopyrite 
A small nuither of chalcopyrite analyses have been collected (Table 
B.20), confirming that this phase invariably approximates. to a stoichio-
nE -tric composition with only variable and trace 'amounts of Ni and Co. 
	
6.3.4. 	Gersdorffite.and Cobaltite. 
Analyses of a single grain of gersdorffite ,1 and of two grains of 
cobaltite have been obtained from Vakkérlienl and OJ..kar respectively 
(Table B. 22). Their coripositions are plotted on Fig. 6 5, together 
with the limits of solid solution defined by Klernm (1965). Final 
equilibration at tenperatures between 600 and 400 0C are indicated. 
6.3.5. 	Pentlandite. 
A wide range of pentlandite compositions have been encountered 
(Table B.19). Harris and Nickel (1972) investigated the banpositions 
of natural pentlandite from a variety of different sulfide asseniblages. 
They showed that the Fe/Ni ratio of the pentlandite was characteristic 
of the associated sulfide assemblage. This study was extended to in-
clude both an experimental investigation of pent landite phase relations 
and a wider range of natural pentlandites by Misra and Fleet (1973). 
Their experimental study confirmed the conclusions of Harris and 
Nickel (1972) with regard to the systematic variation of pentlandite 
Fe/Ni ratio with sulfide assemblage, and described a wide range of Co- 
content in pentlandites from 0 to 52.6 at%. They interpreted the solid 
solution between Co-free pent landite and the isosuctural Co-pentlandite 
(Co9 S8 , Knop and Ibrahim, 1961; Geller, 1962) as a process of substi-
tution of Co for both Fe and Ni in the structure and demonstrated that 
partition of the Co proportional to the Fe- and Ni-contents of the pent-
landites did not significantly alter the variation in pentlandite com-
position with assemblage. The variation in pentlandite Ni (where Ni 
Ni + (Ni/(Ni + Fe))x Co) for the different sulfide assemblages in 
the various Gula prospects are compared with those outlined by Misra 
and Fleet (1973) in Fig. 6.6, to which has been added the data of 
Barrett et al. (1976) for the assemblage hexagonal pyrrhotite + pentlan-
dite. Close agreeirent is debnsated between the published data and 
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Fig. 6.6 Compositions of pentlandites from Gula inafic and ultramafjc 
hosted magmatic sulfides, compared with data from Misra and Fleet 
(1973) and Barrett et al (1976). pn - pentlandite; tr - troilite; 
hpo - hexagonal pyrrhotite; mpo - monoclinic pyrrhotite; py - pyrite. 
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that obtained in this study, confirming the. lack of any optical iden-
tification of a. troiite phase 
A striking variation of pent landite Co-content is exhibited both 
between, and within the' Gula prospects. 'Thee variations are illustra-
ted in Figs. 6.8-6.13 in which pen-tiandite coipositions are projected 
from S onto the Fe-Ni-Co side of the' Fe-Ni-Co-S tetrahedron (Fig. 6.7). 
At Vakkerlien the atomic Fe/Ni ratios of pentlandites vary from 0.76 
to 0.86, while Co has a fairly restricted range of 0.68 to 1.05 at% 
(Fig. 6.8). There is little variation in Fe/Ni ratios or in Co-contents 
between the Matrix and the Disseminated ores. 'Also shown on Fig. 6.8 
is the field of pentlandite compositions obtained by Thompson (1978). 
Olkar (Fig. 6.9) shows a rru.ich wider range of pentlandite composi-
tion. Atomic Fe /Ni ratios are somewhatgreater* than at Vakkerlien, 
ranging from 0.87 to 1.18, while Co-contents show a wide range from 3.69 
to 13.83 at%, and are obviously related to the grade of the ore in which 
the pentlandite occurs. Massive ores in general contain the least Co 
(4.09 to 4.98 at%), while Finely Disseminated ores are the most Co-rich 
(5.26-13.83 at%). Matrix and Disseminated ores have intermediate Co-
contents, while stringer ore has a range of conpositions from that typ-
ical of Massive are to that typical of Disseminated ore. 
At Gaxdsjoen, only one sanpie (Finely Disseminated ore) was found 
to contain unaltered pent landite, which has an average atomic Fe/Ni 
ratio of 0.94 and extremely high Co-contents ranging from 12.60 to 17.09 
at% as shown on Fig. 6.10. 
Skj aekerdalen is characterised. by pentlandites' ranging in atomic 
Fe/Ni ratio from 0.84. to 1.07' and in Co-content from 0.64 to 8.43 at%. 
However, Fig. 6.11 denonst'ates that in this instance there is no 
systematic variation of conposition with ore-grade. 
The' 1etten' ultrajrafic displays a considerable range of pentlandite 
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corrositions, all. of which are associated'. with. Finely Disseminated 
ore (Fig. 6.12). AtomicFe/Ni ratios vary from 0.87. to 1.03, while 
Co-content varies from 0.09 to 6.71 at%. At Kaltbe±get,, pentlandite 
associated with monoclinic pyrrhotite from the Satellite Body has 
lower atomic Fe/Ni ratios (0.83 to 0.85) and lower - Co-contents 0.64 
to 1.17 at%, than pentlandite associated with hexagonal pyrrhotite 
from the Main Body (0.89 to 0.94 and 1.13 to 1.55 at% respectively). 
Close inspection of Fig. 6.13 shows that Disseminated and Finely 
Disseminated ores have slightly higher Co-contents than the Matrix ores. 
It is apparent from Figs. 6.8-6.13 that two controls are operating 
on pentlandite composition. The relationship between Fe/Ni ratio and 
the coexisting pyrrhotite phase is clearly seen in Fig. 6.14 where 
pentlandites coexisting with monoclinic pyrrhotite only are obviously 
enriched in Ni relative to those coexisting with hexagonal pyrrhotite 
only. Fntlandites coexisting with both hexagonal and monoclinic pyrrho-
tite are characterised by a wider range of Fe/Ni ratios, almost totally 
embracing the hexagonal and monoclinic pyrrhotite-only fields. 
The second control relates to Co-content, which, with the excep-
tion of pentlandites at Vakkerlien, where little variation occurs, and 
Skj aekerdalen, is controlled to a greater or lesser extent by the grade 
of the ore with which it is associated (i.e. by the proportion of sul- 
fide to silicate minerals present in the ore). In general, pentlandites 
associated with Massive ores contain less Co, and have higher Ni/Co 
ratios, than those from Disseminated ores. Fig. 6.15 demonstrates that 
the Ni/Co ratio of pentlandites is directly related. to Ni/Co in the 
bulk sulfide. 
The majority of pentlandites occurring in .magmatic sulfide ores 
contain less than 2.0 wt% Co. HcMever', Knop and Ibrahim (1961) demon-
sated experimentally the existence at room temperature of a pentlandite 
hexagonal pyrrhotite 
monoclinic pyrrhoti te 
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Fig. 6.15 Relationship of pentlandite Ni/Co (weight) ratio 
to bulk-sulfide Ni/Co (weight) ratio. Individual samples are 
plotted for Olkar (solid squares) and Skjaekerdalen (diamonds). 
For Vakkerlien (open square) and Kaitberget (triangle) average 
values are indicated, but it is emphasised that the pentlandite 
analyses and the bulk-sulfide analyses were obtained from diff-
erent samples. Vakkerlien data from Thompson (1978). 
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solid solution, over wide composition limits, in or close to, the N 9 S8 
- section of the quaternary system Fe-Ni-Co-S. 0 The limits of this solid 
solution are shown in Fig. 6.17. Natural pentlandites approaching the 
Co-end member of this solid solution have been recorded (Petruk et al., 
1969; Stumpf 1 and Clark, 19 6) but these generally occur in low-
temperature, hydrotherrial-vein environments. Analyses fron the litera-
ture of Co-rich pentlandites (>2 w-t%) occurring in. association with 
metamorphosed mafic and ultramafic igneous rocks are presented in Fig. 
6.16. The sulfide assemblages with which these pentlandites are asso-
ciated are outlined in Fig. 6.17, from which it is clear that not only 
are the Fe/Ni ratios of the pentlandites dependent on the sulfide ãssem-
blages, as indicated by Harris and Nickel (1972) and Nisra and Fleet 
(1973), but that their Co-contents are also so controlled. 
It has been shown by a number of workers (Chamberlain et al., 
1965; Rarrdohr, 1967; Hudson, 1973; Groves et al., 1974; Eckstrand, 
1975; Naldrett, 1966, and subsequent revision 1973) , that during the 
metamorphism of ultrama.fic rocks, nickel is redistributed amongst the 
secondary minerals and may be preferentially concentrated into any 
magmatic sulfide phases present. In each case the evidence cited for 
Ni-redistribution is the occurrence of unusual, highly nickeliferous 
opaque mineral assemblages disseminated through the altered ultramafics. 
Where more massive ores are present in association with the nickelif-
erous disseminations (Hudson, 1973; Naldrett, 1966, 1973) ,. they are 
characterised by more Fe-rich assemblages typical of magmatic sulfides. 
These observations lead Naldrett and Tier (1977) to suggest that the 
process of Ni-redistribution operates essentially as a closed system, 
such that the effect on sulfide bulk chemistry, and hence on sulfide 
mineralogy, is inversely proportional to the amount of sulfide present; 
large amounts of sulfide "swamping out" the relatively much smaller 
Fig. 6.16 Published analyses of pentlandites, 
associated with metamorphosed mafic or ultra-
mafic igneous rocks, containing greater than 
2 wt % Co, plotted on the Fe-Ni-Co side of 
the Fe-Ni-Co-S tetrahedron. Projection 
from S. Analyses recalculated as atomic %. 
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contribution from the silicates, and suffering little change in com-
position as a result. However, if only small proportions of sulfides 
are present, the Ni-content of the bulk sulfides will increase sig-
nificantly, such that the Fe-Ni sulfide assemblage will change in the 
following sequence: 
pyrrhotite plus peritlandite; 
to pentlandite; 
to pentlandite plus millerite, or 
• pentlandite plus millerite plus .heazlewbite;. 
to pentlandite plux heazlewbodite plus awurite; 
to pentlandite plus awurite. 
As the Ni-content of the bulk sulfide increases (i.e • as the assemblage 
changes as described above) so the Ni-content of the associated pentland-
ite increases as outlined by Harris and Nickel (1972) and Misra and Fleet 
(1973). Fig. 6.17 suggests that Cosaritiiis behaves ma similar 
fashion to Ni. This is supported by the observations of Hudson (1973), 
who reported variations in sulfide assemblage, and in Co-content of 
associated pentlandites, through a systematically sampled drill inter-
section at the Nepean Ni-deposit of rrtamorphoed kaiatiitic associa-
tion in Western Australia. Pentlandites within the basal Main Ore Zone 
are associated with pyrrhotite and pyrite and contain less than 1.0 wt% 
Co. On moving upwards through the Disseminated Ore Zone, characterised 
by pyrrhotite plus pentlandite or pentlandite only assemblages, the pent-
landite Co-content increases gradually, over a distance of about 4m, 
to approximately 2.6 wt%. In the rare disseminations of sulfides in 
the overlying ulb:'anfic , pent landite is associated with rnillerite and 
heazlewoodite, and may contain more than 10 w-t% Co. While Hudson (1973) 
did not consider any explanation for the variation in pentlandite Co-
content, a metamorphic redistribution of this elènnt between silicates 
2L+6' 
and sulfides. must be considered. The possibility that such a process 
controls the relationship beteen ore-grade and pentlandite Co-content 
will be discussed more fully later in this chapter. 
6.4 Discussion and Possible Explanation of Sulfide Chemistry. 
6..1. 	Ores of rnetàgabbrb association. 
Any interpretation of the origin of the sulfide ores associated 
with the rñetagabbros must account for: 
the variation in structural relationships between sulfides 
and host rocks; 
the variation in bulk sulfide chemistry between' deposits; 
and c) the variation of mineral chemistry both between, and within 
deposits. 
As will become apparent below, these characteristics may be very much 
inter-related. 
The structural relationships between host rocks and sulfides at 
Vakkerlien are not easily explained. The rninerálisation lies' along the 
centre of the Main Body. It is located in the general vicinity of the 
contact between the ultramafic and metagabbroic rock types, and may be 
hosted by either lithology (Fig. 5.3). The Main Body, and the closely 
associated Second Body, are elongated, pencil-like masses plunging 
gently towards the SE within the foliation, and parallel to the regional 
D1  lineation in this area. This lineation parallels the orientation 
of D1-fold hinges (Chapter 3). Thompson (1978) suggested that compe-
tence difference between an isoclinally-folded basic. intrusive sheet 
and its enclosing country rocks might result in attenuation of fold 
limbs, and eventual isolation of hinge zones. He proposed that the 
Vakkérlien intrusive bodies represented examples' of such isolated fold 
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hinges.. This hypothesis is supported by the'. spatial d.is -bibution of 
metagabbroic and ultf'amafic lithologies' within the'. Vakkerlien Bodies 
(Fig. 5.3), and is accepted in this thesis. 
With regard to the central location of the öre within the Main 
Body, Thompson (19 78) argued that interstitial textures' between sul-
fides and silicates throughout much of the ore-body demands that the 
sulfides are in their original magmatic position, with Massive-&'eccia, 
and Stringer ores' representing limited local reinobilisation. He con-
cluded that there was an original magmatic accumulation of sulfides 
close to the boundary between the ul'anafic and ntagabbrbic lithol-
ogies. To explain this he proposed an early input of barren' silicate 
magma follG.led by a second influx carrying an immiscible sulfide li-
quid. He further suggested that, the Ni-rich nature of the Vakkerlien 
ore is a result of the metamorphic redistribution of silicate nickel 
into the sulfides. Hever, it has been pointed' out above (6.3.5) that 
such processes act essentially as closed systems (Naldrett and Turner, 
1977), such that the effect on bulk sulfide chemistry is inversely 
related to the proportion of sulfide to silicate phases present. If 
a primary accumulation of magmatic suif ides' is accepted, then th€ Ni-
enrichment of the ores remains unexplained. 
It has previously been suggested that the bulk caipositions of 
Gula magmatic sulfides are likely to lie on the field of Mss at tem-
peratures above about 4000C . This implies that, throughout at least 
a proportion of the deformation associated with D1 , the sulfides' would 
have been present as a single phase (Mss). Experirrental studies 
(Clark and Kelly,, 1973; Zolotuklein et' al., 1972) have .shown that pyr-
rhotite behaves in a ductile fashion at temperatures above. 2 50 °C at 
1000 bars. 'Assuming that Mss has similar mechanical properties' to 
pyrrhotite,' it is ..reasonable to suggest that during P 1 the sulfides 
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would have, been less competent than the silicate host rocks. They 
might, therefore, have been susceptiable to recrystallisation and con-
centration into structural traps. 
There are a number of structures associated with fold hinges to 
which sulfides might migrate during deformation. Where folding is 
flexural in character, spaces nay develop (Fig. 6.18) between layers 
on the hinge, if the shapes of layer boundaries are not the same 
(Spencer, 1969, pp. 185). The separation between the layers may be 
progressively or subsequently filled by recrystallised material from 
the surrounding rocks, and the saddle-shaped veins so formed are known 
as saddle-reefs. Sulfides might also migrate to fill crestal-tension 
fractures (Fig. 6.18) forming on the outer arches of concentric folds 
(Sitter, 1956, pp.  199), or to zones of no finite strain (Fig. 6.18), 
which, according to layer thickness and competence, may occur on fold 
hinges (e.g. Roberts and Stromgard, 1972). 
The development of any one of these features, or a combination 
thereof, might result in the concentration of originally disseminated 
sulfides within the Vakkerlien intrusion into a zone at, or close to 
the boundary between the ultramafic and metagabbroic lithologies. 
The relative timing and intensity of deformation and metamorphism 
would be important in determining the dominant controls on sulfide mi-
gration. It might be expected that sdd1e-reefs and tension fractures 
would develop only at temperatures at which the metagabbroic and u]±r'a-
maf Ic lithologies would behave in a brittle fashion. In contrast, 
the development of zones of no finite strain requires only a compe-
tence difference between layers (Roberts and Stromgard, 1972), and 
might therefore be more iortant at higher temperatures. In this 
context the geology of the Central Victorian Goldfields and the Broken 
Hill DepOsit in Australia provide interesting comparisons. 
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Fig. 6.18 Structures associated with fold hinges to which sulfides 
might migrate during deformation. a) saddle reef; b) crestal—tension 
fractures; c) zone of no finite strain (lines indicate long axes of 
strain—ellipsoids. 
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The Central Victorian Goldfields occur in a sequence of L ower 
Palaeozoic sandstones and grapt9litic shales (Thomas, 1953; McAndrew, 
1965), metàmorphosedto 250 0-3500C and 1-3 kb (Glasson and Keays, 
1970. The inineralisation commonly occurs in crescent-shaped veins 
at fold hinges, which represent the type-examples of saddle-reefs. 
Sitter (1956, pp. 220) suggests: 
"that all the reefs are due to recrystallisation of the country 
rock itself, with concentration of its most mobile elements, 
the metals, in the reefs." 
The Main Broken Hill Orebody is similar to the gold-bearing reefs 
of Victoria in that it occurs on a fold hinge and has a saddle-shaped 
cross-section (Andrews, 1908; Mawson, 1912). Until recently most 
authors have preferred an epigenetic emplacement of the ore, control-
led by a pre-existing fold structure (e.g. Andrews, 1922; Kenny, 1932; 
Gustafson et al., 1950; Lewis et al., 1965; Hobbs, 1966). King and 
Thomson (1953), however, suggested that the deformation was instru-
mental in the concentration of original stratabound ores into the fold 
hinge, as summarised by King and O'Driscoll (1953): 
"The original ore deposit is visualised as a simple strati-
graphically-disposed body conformable with the enclosing 
sediments. Its constituents suffered recrystallisation, 
concentration, and migration under the influence of severe 
structural deformation." 
This hypothesis has subsequently been expanded by Carruthers and Pratten 
(1961), and Johnson and Klingner (1976). In the most recent investiga-
tion of the structure of the Broken Hill Area, Laing et al. (1978) 
recognise three fold episodes (F1 , F2 , F 3  ) of which F1 and F2 
were 
associated with sillimanite-grade metamorphism. They define the folds 
controlling the shape and orientation of the orebodies as F2 structures, 
and conclude that "substantial mechanical migrations" of an original 
syngenetic ore have taken place. 
While the actual mechanisms and controls resulting in ore concen-
tration are uncertain, the data from the Victorian Goldfields and from 
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Broken Hill suggest that ore migration to fold hinges can take place 
over a wide range Of .metamorphic conditions. At Vakkerlien it is 
suggested that sulfide reystallisation and concentration to the 
fold hinge now represented by the Main By, took place synchronously 
with D1 and the associated high-grade metamorphism. Interstitial 
textures between sulfides and silicates might have resulted from sub-
sequent equilibrium reorystallisation of low form strength Mss with 
higher form strength silicate minerals in a manner similar to that 
so commonly observed between pyr'rhotite and pyrite in metamorphosed 
volcanogenic massive sulfide deposits (Chapter Li). 
The localisation and concentration of ore by migration of origin-
ally disseminated sulfides may account for the: Ni-enriched nature of 
the Vakkerlien ores. The process is illustrated below, on a semi-
quantitative basis, fora simple silicate-sulfide system. 
When considering the formation of a phase A in equilibrium with 
a liquid B, it is usual to calculate the concentration (4) of a - ace 
element i in A using the partition coefficient D such that 
	
XL 	 D.X 	 (1) 
1 11 
where X is the final concentration of element i in liquid B. The 
method requires the final liquid concentration to be )man, and the 
value of 4 cannot be predicted from the initial liquid composition. 
However, if D i is small, and if the volume of B is large relative to 
that of A, then 	is approximately equal to the initial concentration 
of i in B (X (0) ) such that 
) 	
XB 
 1 1 -1 (0) 
(2) 
In the case Of metals such as Ni, Cu, and Co partitioning between 
immiscible sulfide liquids and silicate ults, the condition that D is 
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small is not rret. In these circumstances the ratio of the. mass of 
the sulfide liquid to the mess of the silicate iragrra with which it 
has equilibrated' becomes very important. 
Campbell and Naldrett (1979) have shown that the initial con-
centration may be used if equation (1) is modified to read 





where X1 is the initial concentration of i in silicate rragme, Y is 
the final concentration of i in the sulfide melt, D. is the partition 
coefficient between sulfide and silicate liquids, and R is the ratio 
of the mass of silicate magma to the mess of sulfide liquid reaching 





and equation (3) assumes the form of equation (2). 
A typical basic silicate magma contains approximately 200 ppai Ni 
(Rajamani' and Naldrett, 1978) and 50 ppm Co (Carr and Turekian, 1961; 
Wager and Brown, 1968, pp. 152). Assuming an initially disseminated 
ore, say with R = 10000, the composition of the original magmatic sul-
fide may be calculated using equation (3), and distribution coefficients 
of 	250 and DCO = 50 (Rajamani and Naldrett, 1978) as follows 
- 200 x 250 x 10001 
Ni' - 	.10250 
- 50 x .50 x.10001 
Co - 	10050 
and a Ni/Co ratio of about 25 may be deduced. These values are in good 
aeemsn± with the: average compositions of Sudbury ores cited 'earlier and 
shown on Fig. 6.. 
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Under rrtamorphic conditions, such as thoe ''acting. during D 1 , the 
contention that redistribution of silicate-system. Ni.. to the sulfide 
system (Mss) takes place as a closed system s should , necessitate a. 
small R-value, even for disseminated ores. The evidenbe summarised 
in Fig. 6.17, together with Hudson's (1973) observations on a system-
atically sample drill hole at Nepean, Western Australia (6.3.5), sug-
gests that similar constraints should apply to the redistribution of 
silicate Co. Hevèr', if the sulfides have migrated through the sili-
cate system, then they have had the opportunity to re-equilibrate with 
a large volume of silicate rock. At any one instant during the sulfide 
migration this re-equilibration occurs as a closed system, but overall 
the process takes place as an open system, such that an unchanged value 
of R (10000) might result. 
Little is }onn about partitioning of base netals between sulfides 
and irtamorphic silicate assenblages. It is likely, however*, that the 
partition coefficient of Ni between the sulfide system (Mss) and the 
silicate system as a whole will be greater under matancrphic conditions 
than under magmatic conditions - the change of sulfide asseniblage as 'a 
result of uptake of silicate nickel has already been described. Con-
sider an olivine-rich gabbro. The main Ni-bearing phases are olivine 
and pyroxene. The modelling of Duke and Naldrett (1978) indicates that 
the Ni-content of olivines varies dramatically according to the presence 
or absence of a sulfide liquid (Fig. 5.55). H..iever, in an investigation 
of Finnish nickel-sulfide deposits associated with basic intrusions, 
Hakli (1963) cited an average olivine Ni -content of 0.15 wt%. He also 
investigated the Ni -contents of associated pyroxene and rretamorpbic 
amphibole, and found average values of approximately 0.05 wt% for both. 
- 	 Assuming that olivine was a major phase in the original Vakkerlien' in- 
trusion, as suggested by Thoirpson (1978), then' it is not unreasonable 
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to suggest that the bulk-sulfide to bulk-silicate partition coefficient 
would increase by a factor of to giving a value for D of 500.Ni 
Even less is }ma.n about the behaviour of Co under metamorphic 
conditions. However, the compositions of olivines from Skj aekerdalen 
and Undal presented in Chapter 5 (Table 5.2) would suggest an average 
CoO-content of approximately 0.1 w -t%, while amphiboles from the now  
barren parts of the Vakkerlien rretagabbro have similar CoO-contents 
averaging 0.1 wt% (Thompson, 1978). It would seem that, at the temper-
atures ambient during the D 1 metamorphic re-equilibration of sulfides 
and silicates, the partitioning behaviour of Co was similar to that 
under magmatic conditions. An unchanged Co partition coefficient 
(DC0 	50) is therefore suggested. 
From equation (3) the final composition Of the migrated sulfides 
may be estimated: 
200 x 500 x lOcOl 
Ni 	10500 	- 	wt% 
50 x 50 x 10001 
CO 	 10050 	 0.2 % 
which is in excellent agreement with the average bulk composition of 
Vakkerlien sulfides (10.9 wt% Ni, 0.2 wt% Co - Thoipeon, 1978). 
At Olkar Massive ores are located at, or close to the boundaries 
between metagabbroic lenses and country-rock schists. It is suggested 
that originally disseminated sulfides migated, as Mss, to structural 
traps at both the upper and lower margins (Chapter 5) of the gabbroic 
lenses, perhaps in this case representing relicts of attenuated D 1-fold 
limbs. A similar explanation has been proposed for the occurrence of 
sulfide concentrations on the hanging walls of ultranafic units at 
Nepean, Western Australia (Barrett et al., 1976). Enrichment in Ni 
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should result from the sulfide migration through the metagabbro, as at 
Vaickerlien, and the Ni-depleted nature of the Olkar ores is therefore 
problematical. However, consideration of the adjacent country-rock 
schists provides a possible explanation. These schists contain signi-
ficant quantities of disseminated pyrrhotite. Analyses of pyrrhotites 
from three samples of Gula schist are listed in Table B.24 and average 
0.23 wt% Ni and 0.14 wt% Co. Migration of country-rock sulfide to the 
same structural traps as the magmatic sulfides will result in a Ni-
depleted bulk chemistry of the resulting ores. Assuming that the mag-
matic sulfides arrive at the margins of the gabbroic lenses with a Ni-
enriched chemistry as described above, mixing of approximately four 
parts of country-rock sulfide (pyrrhotite) with one part of magmatic 
sulfide (Mss) would result in a composition similar to the sulfide frac-
tion of Massive ores at Olkar (2.0 wt% Ni; 0.2 wt% Co; Ni/Co = 10). 
The discussion above, involving .a number of assumptions concern-
ing the partitioning behaviour of Ni and Co between sulfide and. sili-
cate systems under metamorphic conditions, demonstrates that it is 
possible to account for the observed bulk sulfide chemistries at yak-
kerlien and Olkar, by a process of metamorphic redistribution of Ni 
and Co between the silicate and sulfide systems, together with, at 
Olkar, a dilution of the derived sulfides. by country-rock pyrrhotite. 
The variation of sulfide composition within individual deposits, 
as illustrated by pentlandite compositions, also requires explanation. 
This value has been estimated from the partial analyses of samples 
77/2/15.00, 7711/6.60a, and 77/2/14.90 (Table 6.1) as illustrated below  
for sample 77/2/15.00. 
The pyrrhotite dominated modal composition of the ore ensures a 
metal to sulfur ratio (M S) of 0.9. The atomic proportions of Ni ,Cu ,Co 
and Fe are calculated and summed, such that M = 1.074 atoms. As M S is 
0.9, S = 1.193 atoms, which gives a S-content of 38.25 wt%. The complete 
sulfide analyses is then normalised to 100%, resulting in a bulk sulfide 
composition of 2.44 wt% Ni; 0.59 wt% Cu; 0.28 wt% Co; 57.82 wt% Fe; and 
38.86 wt% S. 
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In the majority of deposits where a variety of ore-ades. exist pent-
landite shows a detheaming Ni/Co ratio from massive. to diseininated 
ores, implying (Fig. 6.15) a similar change in. the composition of the 
bulk sulfide. In this context, it is interesting to note that while 
Vakkerlien pentlandites shi little variation in composition, in Fig. 
6.4 the three samples lying on the Ni-rich side of the average Ni/Co 
line are classified by Thompson (1978) as "massive" ore, while -those 
lying on the Co-rich side he classifies as "disseminated".. It will be 
shown below that this decrease in Ni/Co ratio as the Ore becomes more 
disseminated is incompatible with the rretamorphic redistribution of Ni 
and Co as described above, without some variation in the relative par-
titioning behaviour of the two elements, perhaps at lower netarrorphic 
temperatures. 
From equation (3) it can be shown (Campbell and Naldrett, 1979) 




Xi 	(R + D.) 
1 	1 or - A.G 	 (4) 
Y. X 	D 	(R + D1 ) Y. 
X. D. 	(R+D.) 
where 	A 1 - 	 and 	G 1 J 
X. D. 	(R+D.) 
J J 1 
The application of this equation to netanorphic assemblages requires 
similar mobilities (or R-values) for the elements involved, in this 
case for Ni and Co. Such a relationship is assumed hereafter on the 
basis of the evidence summarised in Fig. 6.17, and the observations 
of Hudson (1973) regarding the variations of sulfide assemblage and 
associated pentlandite composition with ore-grade at Nepean, Western 
Australia. These data suggest that Ni and Co behave, similarly under 
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rretamorphic conditions and that their - rrEtanDrphic rrübiities are not 
markedly different. 
Extrapolating equation (4) to the metamorphic situation, A rrRlst 
be the ratio of i to j in the sulfide and silicate system combined 
and the final ratio of these elemants in the sulfide system is control- 
led by R. Where R is large, and very rruch greater than D 1 and D5 , then 
A tends to the ratio of the elements ± and j in the silicate system, 
and 
D. 
1 G - 
D. 
J 
Conversely, where R is small, A tends to the ratio of ± to j in the 
sulfide system and 
G 	 1 
Consider now the situation at Olkar where a variety of are-grades 
exist. As the sulfides of the Massive, ores exhibit the greatest Ni/Co 
ratio (Fig. 6.9) it is likely that all ore-types were in eqii - librii.un 
during the Ni-dilution process outlined above (this is a reasonable 
suggestion in view of the general association of Disseminated and 
Stringer ores with Massive types). One possible explanation for the 
variation of Ni/Co ratio with ore-grade is that this widespread equi-
librium was not maintained in a rrore static, lower tenerate environ-
jient, such that as R increases, A and G might combine to give a reduced 
Ni/Co ratio. 
Taking the composition calculated above, for the sulfide fraction 
of Olkar Massive-es (2.0 wt% Ni; 0.2 wt% Co; Ni/Co = 10) values of 
A and G have been. calculated for a range of R-va1ues, and for a range 
of D00 with DNi 	.500. The resulting Ni/Co ratios are shown in Table 
6.3. It is evident that by' maintaining the Values' of Ni and Co parti-
tion coefficients (500 and 50 respectively) used' in the' earlier derivation 
TABLE 6.3 Calculated Ni/Co ratios (A.G) of Olkar sulfides for a range of H-values, and a range 
of DCO  (50 - 600), with DNi = 500. See text for explanation. 
R A G 0(A.G) G 	 (A.G) Gg(A.G) G(A.G) G(A.G) G(A.G) G(A.G)  00 
1 9.9 1.02(10.1) 1.01(10.0) 1.00(9.9) 1.00(9.9) 1.00(9.9) 1.00(9.9) 1.00(9.9) 
10 8.8 1.18(10.4) 1.08(9.5) 1.03(9.1) 1.01(8.9) 1.00(8.8) 1.00(8.8) 1.00(8.8) 
100 5.7 2.50(14.2) 1.67(9.5) 1.25(7.1) 1.11(6.3) 1.04(5.9) 1.00(5.7) 0.97(5.5) 
1000 4.2 7.00(29.4) 3.67(15.4) 2.00(8.4) 1.4(6.0) 1.17(4.9) 1.00(4.2) 0.89(3.7) 
10000 4.0 9.57(38.3) 4.81(19.2) 2.43(9.7) 1.63(6.5) 1.24(5.0) 1.00(4.0) 0.84(3.4) 





of Massive ore sulfide composition, it is impossible to produce a Nil 
Co ratio of less than .10. Only by increasing the sulfophile nature of 
Co relative to Ni is this possible. A small increase in the partition 
coefficient of Co (DC0  100) relative to that of Ni will allow a Nil 
Co decrease over a small range of R-values (1 to 100); at R-values 
greater than 100 the Ni/Co ratio increases again to greater. than 10. 
As the ratio of DNj  to DCo  decreases, so the range of R over which the 
final Ni/Co ratio of the sulfides will be less than 10 increases. In 
higher-grade ores, such as the Massive ores at Olkar and at Vakkerlien, 
R <1 such that G - 1 and the sulfide composition is unchanged. 
As discussed above, the partitioning behaviour of silicate and 
sulfide systems in metamorphic environments can only be guessed at. 
A decrease in Ni/Co ratio in the sulfide system could .be . achieved either 
by an increased sulfophile nature of Co (as demonstrated in Table 6.3), 
or by a decreased DN1,  at lower metamorphic temperatures. However., the 
former possibility is favoured by the evidence presented in Fig. 6.16 
and 6.17, which suggests that, in some cases., disseminated sulfides be-
come enriched in both Ni and Co, relative to the irartic situation, 
-through metamorphic processes. 
Evidence, based on natural data, suggesting an inverse relation-
ship between the sulfophile nature of Co and metamorphic temperature, 
is provided by Springer and Craig (1975). In the western Sienna Nevada 
foothills of California, the Pine Hill gabbroic complex (Springer, 197) 
intrudes and metamorphoses Alpine-type ultrairafic rocks. The ultrama-
fics contain disseminations (< 2  vol%) of sulfide phases, dominated by 
pentlandite with rare pyr'rhotite or heazlewoodite. Four contact meta-
morphic zones (I-IV), and one regional metamorphic zone (V) are defined 
around the Pine Hill complex. The metamorphic grade decreases from 
Zone I (olivine, orthopyroxene, calcic-amphibole, Fe-Cr spinel, 
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a.luminous spinel; 7000C, 1.5 kb - Springer, 197) to Zone V (lizardite, 
clinocrysotile,' chromite, magnetite, chlorite). Springer and Craig 
suggest that the pentlandite dominated sulfide mineralogy results from 
the sulfurization of original silicate phases', but it is equally pos-
sible that it represents a rrtamorphic Ni-enrichment of a pre-existing 
pyrrhotite-dominated magmatic sulfide assemblage. Zone I is barren 
of sulfides. Fntlandites in Zones II and III have Co-contents rang-
ing from 0.6 to 1.6 at% and Ni/Co ratios from 16.2 to 45.8. In contrast, 
the pentlandites in Zones IV and V range in Co-content from 2.1 to 5.9 
at% and in Ni/Co ratio from 5.4 to 14. 8. batevér' the origin of the 
sulfide phases, the higher Co-abundances and lower Ni/Co ratios in pent-
landites from the zones of 1er-matàmorphic grade are notable. The 
greater sulfophile behaviour of Co at 1er temperatures suggested by 
these observations may be related to the accompanying change in silicate 
mineral assemblage. 
From a more theoretical standpoint, Rajanni (1976 )'. noted a dis-
crepency in the sulfide-silicate partitioning behaviour of Co at mag-
matic temperatures (as indicated by experimental work and the bosi-
tions of most magmatic sulfide' deposits) and its behaviour as predicted 
on purely crystal chemical grounds at . low temperature. 'The' natural and 
experimental data on magmatic environments are in agreement that Co is 
m.ich less sulfophile than Ni (Bajamani, 1976;' MacLean and Shimizaki, 
1976; Raj amani and Na.ldrett, 1978). Hcevér', Rajameni (19 7'6) points 
out that Co is generally present in the l-spin state in the' octahedral 
sites of sulfide structures (Kuznetsov et al., 1965; Pai.zels, 1970; 
Burns and Vaughan, 1970; Vaughan et' al., 1971; Rajameni and Prewitt, 
1973). He suggests that, as 1cm-spin Co gains higher' ligand field sta-
biisation energy in octahedral co-ordination with' S ligands than Ni, 
and has a smaller radius than Ni, it ought' to be the more sulfophile. 
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As a possible explanation he proposes a conversion of lcw-spin Co 2+ 
to the high-spin state at high temperature, similar to that observed 
by Bari and Sivardiere (1972) for Co 3 , which converts to the high-
spin state at approximately 4500C. The larger radius and lower ii-
gand field stabilisation energy of high-spin Co 2+  would result in a 
less sulfophile behaviour. 
In conclusion, if, as seens likely, the. corrositi.on of the Massive 
ores at VaJckerlien and O]kar are the result of a redistribution of 
silicate Ni and Co at the high nta.uorphic temperatures associated with 
then in order to explain the variation in chemistry between differ-
ent ore-grades, an increase in the sulfopbile nature Of Co, relative to 
Ni, at lower temperatures is required. Natal (Figs. 6.16 and 6.17; 
and Springer and Craig, 1975) and theoretical (Rajanani, 1976) evidenbe 
for an increase in the sulfophile nature of Co from high-temperature 
(magmatic or rrtancrphic) to low temperature utamrphiO conditions has 
been described above. However, it is uncertain whether this variation 
in the partitioning behaviour of Co is related to mineral asserrlage in 
the silicate system (as all owed, but not required, by the Observations 
of Springer and Craig, 1975), or to a furidanental change in the crystal 
chemical properties of Co itself, as suggested by Rajanani (1976).. 
At Skj aekerdalen, the variation in ore texture has previously been 
accounted for without recourse to a iretanorphic rerrobilisation of sul-
fides (Chapter 5). The sulfides occur in a variety of host rocks, 
their chemistry of irregular (Fig. 6. ) ,. and shows 'no relationship to 
are-grade (Fig. 6.11). As mentioned previously, the Ni/Co ratio of 
sulfide liquids equilibrating with silicate rnagna.s decreases as the 
silicate melt becomes less basic (Wilson and Anderson, 1959; Hakli, 
1963; Green, 1975). Hcevèr, it has been' suggested that the' Skj áeker-
dalen ores, although now included in a wide range of host-rock 
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lithologies, originally equilibrated from a basic silicate magma 
(Chapter 5). Fur -thermore, they have experienced the high temperature 
metamorphic conditions ambient during D1 and the later, lower-grade 
rrtanDrphc conditions associated with the Main Scandinavian Qrogeny 
(Chapter 5). It would be expected 'therefore that a complicated ore 
chemistry, controlled not only by ore-grade but also by original and 
final host rock chemistries would be displayed. Hcwevèr, it might be 
expected that the decrease in Ni/Co ratio as a result of low tempera-
ture re-equilibration would depend on the amount of Ni and Co avail- .- 
able in the silicate system, in effect on the proportion of riafic min-
erals present (e.g. Krauskopf, 1967, pp. 589) such that Ni/Co might 
decrease as the host rock becomes increasingly niafic. Fig. 6.19 pre-
sents a plot of Ni/Co ratio of the sulfide fractions of Skjaekërdalen 
ores, against MgO as a maf Ic index of the silicate fractions (complete 
analyses of the silicate fractions are presented in Table A.9, and the 
separation techniques are described in Appendix C).. With one excep-
tion, the points lie on a trend of decreasing Ni/Co with increasing 
MgO-content as predicted. The highest Mi/Co ratio (52) associated 
with a dioritic host rock suggests Ni-enrichment by high-temperature 
re-equilibration with more rafic asserrblages, before fragmentation 
and inclusion in the diorite. The exception, a gabbroic rock with a 
very la.. Ni/Co ratio (7) is not difficult to account for if the large-
scale textures of the intrusive complex at Skjàekè±dalen are consid-
ered. It is not unlikely that this sample formed the matrix to an 
ultramafic "jig-saw puzzle" rock (Fig. 5.20) such that the 'sulfides 
have re-equilibrated with a more mafic silicate system than is indi-
cated. A control of host-rock composition over ore chemistry, at 
Skjaekerdalen, may account for the lack of any relationship between 
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Fig. 6.19 Ni/Co in bulk sulfide fraction of Skjaekerdalen ore plotted against MgO in silicate 
fraction. (Values in wt 
N.) 
26k' 
occurrence of supergene alteration in samples of Skj aekerdalen ore 
(5.1.1.4; Appendix D) requires that these suggestions should be treated 
with caution. 
The Ores' at Gardsjoen have not beeti' studied in as much detail as 
those previously described. However, the highly xenolithic nature of 
the host gabbro, itself a xenolith in a large trondhj èmitic mass, to-
gether with the Co-enriched nature of the ore indicated' by The pent- 
landite compositions shown in Fig. 6. 10, suggests a history similar to 
the ores at Olkar, before incorporation into the: oriij emite.' 
6..2 	Ores of ultramafic association. 
In Chapter' 5 it was demonstrated that the ultramaf Ic intrusives 
were enplaced after the Trondheim Orogeny (i.e. post D 1) but before 
the end of the later main Scandinavian' event (pre D 11). Fiwtheniüre, 
it was suggested that the ores at Kaltberget (Main Body) represent 
primary basal accumulations of rnagrtic sulfides in an inverted intru-
sion involving an olivine high-Mg liquid-crystal u&sh. In view of its 
primary position, and The lack of any chemical or textural evidence for 
sulfide rerrDbilisation (6 • 2), it is unlikely that any significant neta-
norphic upgrading of the ore has taken place, although considerable 
sulfide recrystallisation has probably occurred (as demonstrated by The 
globular sulfide textures). Throughout its history therefore the ore 
has had a small R-value, and hence little chemical rrodification of the 
sulfides can have taken place. This is supported by The Cu/Cu + Ni and 
Ni/Co ratios of the ore which are consistent with equilibration with a 
silicate magma of 15-20 wt% MgO, as indicated by silicate mineral and 
bulk chemistry. However, Fig. 6.13 shows a very slight increase in the 
Co-content of the more disseminated ores, suggesting similar low tem-
perature re-equilibration of sulfides' and silicates to that described 
for the netagabbros. These Disseminated and Finely Disseminated ores 
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are all drill-core samples and are therefore froin within a few metres of, 
and perhaps from within the "sphere of influence" of, the higher-grade 
mineralisation. This would account for -the limited variation of pentlan-
dite composition between high- and low-grade ores. In surface samples 
Disseminated ore is extremely rare and where it has been recorded, pent-
landite is invariably replaced by violarite. However, in Fig. 6.20, the 
Co-contents of a number of coexisting pentlandite-violarite pairs, asso-
ciated with the primary assemblage pyrrhotite, pentlandite, chalcopyrite, 
(±pyrite), are plotted, and a strong positive correlation observed. The 
range of Co-content of violarite-s from, a surface sample of Finely Dissem-
inated Kaltberget ore (sample 76.245; see Pig. 5.30) is shown, together 
with the derived pentlandite coinp3sition. This range of pentlandite Co-
content is shown in Fig. 6.13 as the stippled area, and indicates a 
higher Co-content for this sample of Finely Disseminated ore removed from 
the main zone of mineralisation. If this relationship could be quanti-
fied for a variety of environments (gabbroic, koiratiitic, etc.) perhaps 
by a series of continuous drill holes through known ore bodies, it would 
provide a useful tool for exploration, in which Co-content of pentlandite 
in disseminated ore would relate to the proximity, or otherwise, of a 
zone of high-grade mineralisation. 
At Kletten the high Co-content of many of the pentlandites shown 
in Fig. 6.12 are presumably related to their occurrence in Finely 
Disseminated ores. The observation that Co-enrichment has occurred in 
Kietten ores, and to a lesser extent at Kaltberget, suggests that the 
process responsible must, in part at least, be related to the lcwer-
grade metamorphism associated with the main Scandinavian Orogeny. 
Fntlandites at KLetten containing little or negligible Co, from 
ores classified as Finely Disseminated, are problematical. Hanever, 
in view of the evidence, presented in 5.5.2, arguing against the exis-
tence of unexposed zones of high-grade mineralisation, it is suggested 
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Fig. 6.20 Atomic % Co in coexisting pentlandites and violarites associated with the primary 
assemblage pyrrhotite, pentlandite, chalcopyrite, (± pyrite). The range of violarite composition 
from sample 76.245 is shown, together with the probable original pentlandite composition. See 




that the characteristic occurrence of KLetten sulfides as large iso-
lated blebs (5.1.2.2, Fig. 5.1+7) in some cases dictates that they be-
have chemically as higher-grade ores. 
6.5 The Problem of Sulfur and the Origin of Magmatic Sulfide Deposits. 
Consideration of the distribution of magmatic Ni-Cu sulfide depo-
sits throughout geological time reveals a general lack of such ores in 
rocks younger than 1.7 x 109y. Naldrett (1973) suggested that this 
might result from a depletion of the mantle in sulfur through repeated 
partial melting events. Any sulfur present becomes concentrated in the 
partial melt and is removed, leaving a residue depleted in. sulfur. 
Subsequent partial malts derived from this now depleted mantle will con-
tain much lower concentrations of sulfur and will consequently be much 
less likely to become sulfur saturated and thereby to produce an imruriis-
cible sulfide liquid. The very occurrence of magmatic sulfide deposits 
in the Gula Group therefore poses a fundamental problem. 
However, a key assurrtion in Naldrett' s mantle depletion model 
is that the sulfur responsible for saturation of a silicate magma is 
mantle-derived. If an initially sulfur-poor silicate melt assimilates 
sufficient sulfur from its walirocks, either before final emplacement 
or during crystallisation, it may eventually become sulfur-saturated 
and produce an immiscible sulfide liquid. In this context it is inter-
esting to note that the sulfides of the Duluth and Noril'sk complexes, 
which are the only major magmatic sulfide deposits younger than 1.7 x 
10 9y, contain sulfide S 31+ /S32 ratios typical of crustal rather than 
mantle derivation (Mainwaring and Naldrett, 1977; Godlevski and Grineriko, 
1963). The possibility that the Gula sulfides result from assimilation 
of wallrock sulfur must therefore be considered. 
While the country rocks in the immediate vicinity of Vakkerlien 
are essentially barren. of sulfides, those adjacent to Olkar, Skjaeker-
dalen, Ka.ltherget, and Kietten commonly contain abundant disseminations 
of pyr'rhotite. These observations, and the commonly xenolithic nature 
of the inbusives, support an assimilation process for sulfur-saturation. 
Furthermore, the generally sulfide bearing nature of The Gula schists 
together with numerous small massive .volcanogenic sulfide concentrations 
co3TflTDnly associated with the Gula anhibolites (Chapter ), would allow 
plenty of opportunity for any silicate magma intruding the environment 
to assimilate sulfur prior to its final eirplacenent. The lack of 
country-rock sulfide in the immediate vicinity of Vakkerlien,, and the 
lack of Fe-oxide phases which might suggest the breakdcn of pre-
existing sulfides, cannot therefore be regarded as inconsistent with 
a sulfur-assimilation model. 
The ratio of S/Se in bulk sulfides is believed. to be characteris-
tic of source environment. Allen et al. (1970) haj§ suggested a chon-
drite, and hence a possible mantle, S/Se ratio of approximately 2700, 
while in sediments under oxidising conditions (Hatten, Hard III, 1977; 
Leuthwein, 1972) Se is depleted relative to S,, resulting in. very high 
S/Se ratios in the order of 30000. However, it is not possible to dis-
tinguish between magmatic S/Se ratios and Those of .reducing sedirrentary 
environments which may have similar values (Stanton, 1972, p..174). 
Thoiipson (1978) obtained a small number* of Se values for bulk Vakker-
lien sulfides, by neutron activation analyses. The. average S/Se ratio 
was approximately 7600, high but not markedly so by chondritic stand-
ards. However, the common association of pyrrhotite and blackgraphi-
tic schist throughout the Gula Group does not allow distinction between 
a magmatic or a reducing sedimentary source. 
In the absence of isotopic data, which rn1t also yield inconclu-
sive results, the corrrronly sulfide-bearing nature of the Gula. schists, 
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together with the conparatively young age of the region, favours assim-
ilation of country-rock sulfide as the process leading to sulfur- - 
saturation of the silicate magmas, and hence to the precipitation of 
immiscible sulfide liquids. 
6.6 Conclusions. 
The chemistry of the various Gula magmatic sulfide deposits has 
been described. The ores at Vakkerlien are enriched in Ni relative to 
S and Co, while those at Olkar are depleted. At Skj aekerdalen, the 
ores display an erratic chemistry, with regard to Ni and Co, while all 
iretagabbroic associated sulfides show irregular copper concentrations, 
probably as a result of secondary rerrobilisation of chalcopyrite. The 
ores at Kaltberget are consistent in all respects with equilibration 
with a high-Mg silicate liquid of 15-20% MgO, while those at KLetten 
show considerable enrichrrnt in Co With the exception of Skj aekerdalen, 
all prospects show a decrease in Ni/Co ratio as the ore becomes increa-
singly disseminated. 
It is suggested that hi terrperatiae rretarrorphic re-equilibration 
of sulfides with a large volurre of silicates will result in a Ni-
enrichnent of the ores. The corrosition of Vakkerlein ore is regarded 
as an exanpie of such a process, occurring during the high-grade rreta-
irorphism of the Trondheim. Orogeny, and aided by migration of dissemin-
ated sulfides through the netagabbro to give access to a large voluire 
of silicate. The conposition of the ore at Olkar was further modified 
by a process of dilution by country-rock sulfides migrating to the sane 
structural traps as the magmatic sulfides from within the intrusion. 
It is also proposed that, at lower ]retainrh1c terreratures, the sulfo-
phile nature of Co is greater than in either the hii-terrperature neta-
ircrphic, or the magmatic situation. The composition of nore massive 
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ores, resulting from the migration and concentration of originally 
disseminated sulfides' during the Trondheim. Orogeny, was little altered 
during subsequent lager-grade metamorphism, as a result of their high 
proportion of sulfide. In contrast, disseminated sulfides' becáma 
richer in Co, such that observed Ni/Co ratios, in general, decrease 
from massive to disseminated ores. Hcwever', a wide variety of host 
rock compositions occurs at Skj aekérdalen, and evidence has been pr--- 
sented which suggests that, in this case, the dominant control over 
lower-temperature iretaiiorphic re-equilibration may be the ajiDurit of Ni 
and Co available in the silicate system, such that Ni/Co decreases as 
the host rock beoDrrs more mafic. 
Kaltberget ores have retained their primary magmatic chemistry, 
as a consequence of their originally high proportion of sulfide to 
silicate minerals, resulting from gravity differentiation of an immis-
cible sulfide magma to the base of the silicate crystal-liquid mush. 
The finely disseminated sulfides at KLetten, however, have suffered a 
degree of low-tençerature metamorphic re-equilibration, as evidenced 
by their pentlandite compositions. 
The Co-content of pentlandites in disseminated. magi.tic ores, 
associated with mafic and ultramafic hot rocks', has been shown to be 
a useful indicator of the proximity of higher-grade mineralisation, and 




The overall objective of the present study has been to elucidate 
the origin and subsequent history of the various types of sulfide 
mineralisation occurring in the Gula Group. However, the controversy 
surrounding the regional geology of the Trondheim Nappe, particularly 
with regard to the stratigaphic and structural position of the Gula 
Group in relation to other units, has necessitated. prior investigation 
of these aspects. The conclusions of the thesis are summarised below. 
7.1 Regional Geology of the Trondheim Nappe. 
The regional geology of the Trondheim Nappe has been investigated 
by the examination, of five traverses through the Gula Group and adja-
cent units. The traverses trend NW-SE, and follow major river valleys, 
allowing utilisation of good exposure provided by road and railway 
construction. 
	
7.1.1 	Outcrop distribution of the Gala Group. 
On the southeastern flanks of the Tomnràs Antiform, and in west-
ern Thondelag, a narrow sliver of Gala Group (less than 1km wide) has 
been identified, separating low-grade Storen netavolcanics from the 
garnetiferous Save amphibolites of the underlying Seve-Koli Nappe 
Complex. In southern Thondelag, the Gala and Storen Groups are succes-
sively thrust out along the western margin of the Trondheim Nappe such 
that the Hovin Group rests directly on the high-grade Seve. 
7.1.2 	Stratigraphy. 
The stratigraphic correlation of the Eastern Trondelag Succession 
with the Koli Supergroup of Sweden, as suggested by Gee and Zacbris son 
(197), is rejected on the basis that it is incompatible with established 
details of Tronde lag geology. The nore widely held correlation of the 
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Eastern Thondelag Succession with the Western Trondelag Succession is 
favoured in this thesis. The possibility of a stratigraphic repetition 
within the Gula Group, involving correlation of the lithologically sim-
ilar thdal and Asli Formations about the central Singsas Formation has 
also been suggested. 
The Dictyonema-beàring shales at Nordairievbll, in. eastern Thondeiag 
have been alternatively included in. the Sulam Group (Wolff, 1967b,  
1976) and in the Gula Group (Rui, 1972). In view of their close prox-
imity (three hiuidxed metres) to Fundsjo iretávolcanics of epidote-' 
amphibolite facies, the conclusions of Wolff (196 7b,' 1976) are accepted 
in this thesis, and the boundary between the Fundsj o and Sulam Groups 
is regarded as a major non-conformity as originally suggested by Sturt 
(1975). Stratigraphic correlation of the Eastern and Western Thondelàg 
successions implies a similar relationship betweènl the Storen and Hovin 
Groups in western Thondelag. As a consequence of these Observations 
both the Storen and Fundsjo Groups are regarded as pre-Themàdocian in 
age. 
7.1.3 	Metamorphism. 
Previous descriptions of the variation of rrtanrphic grade through-
out the Trondheim Nappe have been summarised, and a compilation map pre-
sented (Fig. 2.1). In general, the netaiiorpbic grade decrease sret-
rically about the central parts of the Gula Group.. Consideration of 
ore textieS in the massive volcanogenic sulfide deposits of the Gula, 
Storen,and Fundsjo Groups, together with the overall structural control 
of the orebodies, suggests that this zonation is real, and not an effect 
of retrogression, related for instance to thrusting at the base of the 
Trondheim Nappe. 
Two discrete metamorphic.events have been' distinguished. The 
earliest affected only the' Gula, Storen and Fi.aidsj o Groups,' and was 
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associated with the pre-Thenadocian Thondheiin Orogeny, tentatively 
correlate& herein with the Finniirkián Orogeny of north and south 
west Norway, and the Grampian Orogeny of Scotland. The highest meta.- 
morphic grade is found in the central parts of the Gula Group in 
northern Thondelag, where kelyphitic reaction rims between olivine 
and plagioclase in the Skj aekerdalen intrusive conplex suggest attain-
ment of pressures of at least approximately 8.5 kb (Herberg, 1976), 
and with the occurrence of sillimanite in the surrounding schists, 
temperatures in excess of 700 °C (Richardson, et' al., 1969; Holdaway, 
1971). In southern Thordelag, the central parts of the Gula Group 
are characterised by the occurrence of kyanite and staurolite restric-
ting temperatures to below 700 °C (Winkler, 1976, Chapter lt.l.). Appli-
cation of the sphalerite geobarometer (at Rostvarigen and Kvikne) 
indicates pressures of at least 6 kb, although complications arising 
from low pressure re-equilibration have been suggested, and pressures 
greater than 9 kb may have been reached. 
The later metamorphic event was associated with the post-
Llaitloverian main Scandinavian Orogeny, and effects all stratigraphic 
units within the Trondheim Nappe. Epidote-àmphibolite facies (garnet 
grade) is attained in parts of the Eastern Thondelag succession, while 
the Western Thondelag succession is dominated by greenschist-facies 
assemblages (chlorite grade). 
Repetition of isograds established during the Trondheim Orogeny, 
by deformation associated with the main Scandinavian Orogeny, is res- 
ponsible for the zonal pattern of metamorphic grade within the Trondheim 
Nappe. 
7.1.4 	Structure. 
The sequential development of mesoscopic structure within the 
aila Group has been described, together with limited observations on 
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higher stratigraphic units. An early phase of isoclinal deformation 
CD1 ) affects only the Gula, Storen, and Fundsjo Groups , .which together 
with the lineation of high-grade minerals such as sillimenite and ky-
ante parallel to D1-fold axes', suggests that this defbrrxation was 
associated with the Trondheim Orogeny. Two subsequent phases 'of iso-
clinal deformation (D 2 and D3 ), and later, less intense deformation 
(D and D5 ), were associated with the main Scandinavian Cogeny. 
An interpretation of the regional structure is presented. The 
model, demonstrated in Figs. 3.8 and 3.9, is regionally consistent, and 
accounts for: the outcrop distribution of the various stratigraphic 
units; the variation in orientation of the regional foliation; many 
of the stratigraphic and structural observations of previous workers; 
and the zonation of metamorphic grade about the central parts of the 
Gula Group. 
7.1.5 	Tectonic setting. 
While the Hovin and Horg Groups', and their eastern correlatives 
are generally accepted' as having beëi' deposited in. a fossil volcanic 
arc - marginal basin system, the original tectonic environments of the 
Gula, Storen, and Fundsj o Groups are much less' certain. 'A reconnais-
sance geochemical investigation of the basic netãvolcanics of these' 
units, together with consideration of the' coirosition of associated' 
volcanogenic sulfide deposits, provides' valuable insight to' thispro-
blem. The metamorphosed nature of the volcanics is ac]thledged and 
only those elements generally regarded as relatively stable are con-
sidered. However, the possibility of metamorphic irobilisation of even 
these elements must be borne in mind. 
The geochemistry of the Gula aJThibo1ite horizons suggests that 
they may represent original low-k tholeiites Of island-arc affinity. 
While massive sulfide depOsits have not previously*. been recorded' in 
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association with volcanics of this type, the average composition of 
the Rostvangen deposits fulfills the 'predictions of previous workers 
that such ores would have similar bu]Jc chemistries to those fTd at 
sites of sea-floor spreading. It is suggested that gravity sliding 
of the dense mafic volcanics and associated massive sulfides., away 
from -their source region, into an essentially sedimentary environment, 
may explain many of the general geological features of the Gula Group. 
The geological and geochemical characteristics of the Storen and 
Fundsj o metabasics suggest an origin at a submarine spreading centre. 
Associated sediments imply deposition in shallow water, while a corrunon 
geochemical depletion of the metabasics in Nb may favour a marginal-
basin environment. The average bulk compositions of the Lokken and 
Tverfjellet massive sulfide deposits are consistent with these propo-
sals. However, the ores at Killingdal have chemical affinities to 
deposits of volcanic-arc association. 
The apparently contrasting palaeoenvironrrents of the Gula Group, 
and the Storen and Firidsjo Groups, probably requires their juxtaposi-
tion by tectonic processes, presumably during the Trondheim Orogeny. 
Subsequent to this event, the volcanic arc - marginal basin sequences 
of the overlying units of the Eastern and Western Thondelàg successions 
were deposited. The North American faunas of the Lower Hovin Group 
requires that the entire Trondheim Supergroup was derived from the 
Greenland-Laurentian continental margin. Enplacerrent of the Trondheim 
Nappe onto the Baitcecaridian platform took place during the main 
Scandinavian Orogeny, as a result of closure of The Iapetus Ocean. 
7.2 Copper-Zinc Mineralisation. 
In common with most recent investigations a volcanogenic origin 
for the Gula copper-zinc sulfide mineralisation is accepted. Deposits 
276' 
intimately associated with amphibolite horizons probably represent in 
situ deposition. Those with no such relationship may have become sep-
arated from their volcanic host - rocks by tectonic processes, or they 
may have famed by migration of ore-forming fluids away from volcanic 
sources, or by transport and resedijientation of the' sulfides themselves. 
The possibility that at least a proportion of the. Gula schist lithol-
ogies represents original intermediate and more evolved volcanics, may 
also account for deposits with no close spatial relationship to amphi-
bolites. 
The Kvil<né and Rostvangen depOsits in the central parts of the 
Gula Group in southern Trondelag have been compared with' the Lokken 
and Tverfjellet deposits in the Storen Group,, and the Killingdal depo-
sit in the Fundsjo Group. 
Consideration of the structural control of The' deposits,' and of 
the textures of the ores' themselves' has important implications for -the 
regional geology of the Trondheim Nappe, as previously described. The 
average bulk compositions of The ores' have also been uentioned. 
7.2.1 	Application of the sphalerite geobarorrter. 
The application of the sphalerite geobaroneter ±'equires 'equili-
bration of sphalerite with pyrite and hexagonal pyr'mhotite. This re-
quirement is not satisfied at Lokken where no pyrrhotite. has been re- 
corded. However, rrean pressures' of 	.5, S.- 2', 6.0' and 6.2 kb were 
obtained for the Tverf5ellet, Killingdal, KviJie,,' and Rostvangen depo- 
sits respectively. The' hier' pressures obtained' from deposits in 
the central parts of the Gala Group suggest that these values' relate 
to the Carnbro-Ordovician Trondheim. Orogeny. 
Bristol (1979) suggested'. that anaralously'.hii pressures'result 
from the re-equilibration of sphalerite' with monoclinic pyrthotite, 
when this phase becbrres' stable below 2530C. No evidence' for such a 
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process has been observed in this study. To the contrary, the possi-
bility of a re-equilibration to lower pressure, with pyrite and hexa-
gonal pyrrhotite, during the main Scandinavian Orogeny is suggested. 
Pressures greater than 9 kb may have been attained in the central parts 
of the Gula Group (Rostvangen deposit). 
7.3 Nickel-Copper Mineralisation. 
A small number of basic intrusions within the Gula Group are asso-
ciated with nickel-copper sulfide mineralisation. The intrusions are 
divided into two groups - matagabbros and ultramafics. 
The rratagabbroic complexes were intruded before or during the 
Trondheim Orogeny. Original magmatic silicate assemblages have been 
found at Skjaekerdalen and Undal, and their mineral chemistry is con-
sistent with available data from other gabbroic intrusions of tholel-
itic character. 
The ultramafic bodies were emplaced after. the metamorphic peak 
associated with the Thondheiin Orogeny, but before the end of the main 
Scandinavian Orogeny (pre-D 14 ). Petrological observations, together 
with consideration of thole-rock and mineral chemistry, suggest intru-
sion of a crystal-liquid u&sh containing olivine (with minor clinopy-
roxene) and a highly-inaesian liquid. 
A magmatic origin for the Gula nickel-copper sulfide mineralisa-
tion is favoured, and it is suggested that assimilation of country-
rock sulfur was responsible for saturation of the silicate magmas with 
respect to sulfur, and hence for the precipitation of immiscible sul-
fide liquids. However, it has been dènonsl2'ated. -that metamorphism 
and deformation have in many cases resulted in. considerable chemical 
and textural modification of the original ores. 
At metamorphic temperatures above about oo°c, tha pyrrhotite 
dominated sulfide assemblages would revert to a single phase - Mss. 
Accompanying deformational processes might result in migration and 
concentration of this phase to structural traps. 
Metamorphic re-equilibration of the' sulfides with the host sill-
cate assemblage has been discussed. On the basis of published' data, 
and data obtained in this study, the follo.ing general observations 
are noted. At low ntairorphic temperatures' both Ni. and Co are more 
sulfophile than uider' rrgi.tic conditions, and sulfide enrichment in 
both elements results. At hier temperatures, however', the sulfo-
phile nature of Co decreases, and the sulfides become preferentially 
enriched in Ni. At what temperature, and by what mechanism -, the behà-
viour of Co changes is uncertain. 
The effects of such metamorphic redistributions of Ni and Co on 
sulfide chemistry are inversely related' to the modal proportion of 
sulfide present,. such that sulfides in Massive ores' are little altered', 
while those in more disseminated ores are increasingly susceptible to 
chemical modification. However, where disseminated' sulfides occur in 
proximity to large volumes of more massive ores', an equilibrium may 
exist, and the disseminated sulfides suffer' little change in chemistry. 
The composition of disseminated sulfides - in nafic and ultrairefic intru-
sions is consequently a useful indicator Of. their proximity, or other-
wise, to zones of higher-grade mineralisation. A strong positive, cor-
relation between bulk sulfide Ni/Co ratio, and that of the' associated 
pentlandite has been demonstrated', and the boirposition of pentlandite 
in Disseminated ores is Therefore an alternative. exploration tool. 
7.3.1 	Prospects of iretagabbroic association. 
7.3.1.1 Vakkerlien' - Sulfide rniner1 sation at Vak]erlein lies along 
the centre of The Main Body, in the' general vicinity of the' contact 
between rrtagabbroic and ultramaf Ic lithologies'.' When compared with 
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the observed, and calculated conpositions of magmatic sulfides in 
equilibrium with basic silicate magmas, the Vakkérlien sulfides are 
considerably enriched in Ni. 
Thompson (1978) suggested that the original Vakkerlien' complex 
had a tabular form, and that the present Vakkerlien' Main and Second 
Bodies represent isolated fold hinge zones, resulting from the iso-
clinal deformation of this' intrusion. This hypothesis is accepted' 
herein. However, his proposal that the localisation of the sulfide 
mineralisation is an original magmatic feature is .refuted on the basis 
that it is incompatible with the Ni-enriched. nature of the sulfides. 
The following explanation is preferred. 
The Vakkerlien' bodies are elongated' parallel' to the D 1-lineation 
direction. It is suggested that, during P1 and the associated high-
grade metamorphism of the TroncRieim Orogeny, sulfides, originally dis-
seminated throughout the VakkerJien intrusion, miated, as Mss, into 
structural traps such as the fold-hinge zone now represented by the 
Vakkerlien Main Body. High temperature utanorphic re-equilibration 
of the disseminated sulfides with large volumes of silicate' host rock 
resulted in their Ni-en±icbnnt. The' high sulfide to silicate ratio 
resulting from concentration of the sulfides to' the. fold hinge preven- 
ted any significant modification of sulfide chemistry during subsequent 
lower temperature metamorphism (retoessive. or associated with the 
rrain Scandinavian Orogeny). Thompson's data, hever, indicates a 
slight lowering of the Ni/Co ratio from "irssive" to "disseminated" 
ores. 
7.3. 1..2 O1Jcar - The sulfide mineralisation at OJicar occurs at, or 
close to, the boundaries between' ntàgabbroic lenses and country-rock 
schists. The sulfides are depleted in Ni when' compared with the obser-
ved and calculated compositions of magmatic sulfides. associated with 
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basic silicate liquids. During the hi-tenperature .rretanorphism 
associated' with the 'Trondheim Cogeny, originally disseminated mag-
matic sulfides may have migrated, as Mss ,' to structural traps at the 
margins of the gabbroic lenses, which perhaps represent relicts of 
attenuated D1-fold limbs. A Ni-enricbnent of the' sulfides presumably 
resulted. However, migration of country-rock py.rrhotite to the sane 
structural traps lead to an overall depletion of the ores in Ni. The 
wide range of ore-grades at Olkar demonstrates the effects of lower 
temperature re-equilibration between sulfides' and silicates, with a 
decreasing ore-grade corresponding to a decreasing pentlandite, and 
hence bulk-sulfide,' Ni/Co ratio. 
7.3.1.3 Gardsj oen - The Gardsj cen showing is a xenolith of mineral-
ised netaga.bbro, enveloped in a large tondhjemitic mass. Limited 
petrological and chemical data suggest an early history similar to 
the ores at Olkar, prior to incorporation into the TrondhjemLte. 
7.3.1.4 Skj aekerdalen - The Skj aekérdalen intrusive complex consists 
of a central care of netagabbroic breccia, surrounded by an aureole of 
unbrecciated rretadiorite. The breccia is a couplex lithology in which, 
in general, more mafic fragments occur in a less mafic matrix. The 
overall field relations and large-scale textures suggest successive 
intrusion of progressively nore evolved liquids. 
Relict igneous silicate assemblages have been recorded as mentioned 
above. Olivine compositions suggest equilibration with a sulfur-
saturated silicate liquid, in keeping with the mineralised nature of 
the intrusion. 
Sulfide rnineralisation at Skj aekerdalen is restricted to the cen-
tral breccia, and is hosted by all lithologies therein. A variety of 
are-types exist, and have been' explained by assuming a magmatic origin 
for the sulfides'. Ni/Co ratios of the sulfides are highly variable 
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and show no systematic relationship to ore-grade. Instead, the dom-
inant control appears to be the wide range of .hot rock rrositions 3 
such that Ni/Co ratios in general decrease - as the host rock becomes 
more mfic. However, the possibility of supergené álteràtion of ore 
chemistry has been mentioned. 
7.3.2 	Prospects of ultr'arnafic association. 
7.3.2.1 Kaltberget - Systematic sanling and analysis. of drill core 
through the Kaitberget Main Body suggests two influxes of olivine-rich 
magma followed by gravitational differentiation, and subsequent inver-
sion of the intrusion as a whole. Accorrpanying immiscible sulfides 
percolated downwards through the olivine-liquid mush to collect at the 
base of each intrusive cycle. The oirpositions of relict olivines sug-
gest crystallisation from a sulfur-saturated magma, and are therefore 
consistent with these proposals. 	 - 
Little metamorphic alteration of sulfide Ohernis try has taken place 
as a result of the originally high proportion of sulfide to silicate 
phases in the ore. The bulk conposition of the sulfides I is consistent 
with equilibration with a silicate liquid of between 15 and 20% MgO. 
In view of this, and the additional evidence Of silicate whole-rock 
and mineral chemistry supporting such a highly-iragnesian parent liquid, 
the occasional globular textures of Kaitherget ores are thought to have 
developed by rretanorphic recrystailisation of original interstitial ores. 
The Kaltberget Satellite Body is a snail pod,. tectonically separa-
ted from the adjacent, stratigraphically basal parts of the Main Body. 
7.3.2.2 KLetten - A two phase intrusion in which the differentiation 
was flow controlled, or a multiple intrusion in which differentiation 
was controlled by either flow or gravity, is suggested by the variation 
of whole-rock conposition across the Kietten uitrarrfic body. Wide 
sample spacing prevents any rrore precise definition of -the: intrusive 
history. 
282 
The- composition of relict olivines at 1(ietten suggest fractiona-
tion from a sulfur-saturated silicate irelt. When corrpared with Kalt-
berget olivines, a much longer history of suifur-satation and hence 
sulfide precipitation, is indicated. Sepation of The' denbe iinntis-
cible sulfides from the Kietten raagna, before its final enpiacenent 
may account for The poorly mineralised nature Of the intrusion. 
Alternatively, flcw differentiation at KLetten' may' have prevented coii- 
centration of an immiscible sulfide liquid (as at Kaltberget) by gravi-
tational-processes. 
Sulfide rnineralisation is Finely-Disseminated, and pentlandite born-
positions suggest a degree of low-tenperàture rretainorphic re-equilibra-
tion with the host ultramafics. 
7.3.3 	Unniineralised intrusions. 
The thdal and Haukfjellet nEtàgabbros, and the Graho and Plassbekken 
ultrairefics have been described. On the basis of available exposure, 
-these intrusions are baxen of sulfide mineralisation. 
Olivine compositions suggest that the thdal rretàgabbros crystal-
used from a sulfur-undersaturated magma. It is tbe±efore unlikely 
that further exploration would reveal any siiificant concentrations 
of sulfide mineralisation. 
At HafjeUet, Graho, and Plassbekken, insufficient data is avail-
able to allow similar comment. 
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X-RAY FLUORESCENCE ANALYSIS 
A.1' Preparation of Rock PcMders. 
Since the Gula, Storen, and Fundsj o Group matabasics are fine-
grained and generally homogenous, only small sanle weights (about 
200 g) are thought to be required to obtain a representative analysis 
(Thirlwall, 1979). However, where possible, sairle.s' of at least 500 
g were used for these rocks, and correspondingly larger samples were 
processed for the more coarse-grained meta.gabbroic and uThanfic lith-
ologies. 
The samples were trimmed* of weathered surfaces' using a diamond 
saw, and washed thorouly in clean running water'. A pre-contaminated 
Sturtevant open-door roll jaw-crusher reduced the samples to 0.5 mm 
chips, and powder, which were subsequently split by the "cone and 
quarter" method. A proportion of the chips and powder* were then ground 
in a Tema tungsten-carbide swing-mill to <100 mash. Partial oxidation 
of iron (Fitton and Gill, 1970) and contamination by Co and W are pro-
bably caused by grinding. The latter' two elements were not analysed' 
in this study. 
A.2 Analytical Procedure. 
All elénents were determined using The Philips PW 1450/20 spec- 
tomater at the Grant Institute of Geology, Edinburgh.' A brief sum- 
mary of the techniques is presented below, and full details are given 
by Thirlwall (1979). 
A. 2.1 	Preparation 
A.2.1.1 Major elements - Fused glass discs, prepared by a method 
similar to that of Norrish and Hutton (1969)., were used for major ele-
ment analyses. 'Sample powders (in small glass jars) were dried* over- 
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night at 1100C to.renove. adsorbed water (H20-)... Approxiii.tely 1 g of 
sample,' accurately weighed into a clean Pt-S %Au crucible, was ignited 
at 1100°C in a Gallenkanp furnace for 30 minutes, allowed to cool, and 
reweighe.d. Wt. % loss on ignition (LOU, consisting of a combination 
of the weight loss due to loss of volatile constituents and the weight 
gain due to the almost total oxidation of iron, was calculated. A 
consequence of the oxidation of iron is that total iron may be deter-
mined as Fe  0 3 . The generally high values of LOl reflect the metamor- 
phosed nature of the samples. 
A lithium teaborate-lithium oxide-lanthanum oxide flux was added 
to the ignited sample in a fixed sanpla:flux ratio. The mixture was 
then fused at 1100°C until the sample had completely dissolved (usually 
about 20 minutes) and cooled rapidly to a glass. The crucible was re-
weighed to determine the flux volatile loss, and a small amount of flux 
added to mike up the constant sairple :flux weight ratio. The mixture 
was re-fused, swirled gently to ensure homogeneity, and cast into a 
glass disc. 
A.2.1.2 Trace elements - The fused disc preparation outlined above 
involves a high degree of dilution and hence leads to difficulty in the 
analysis of trace elerrnts. Consequently, trace elements were analysed 
using pressed pellets. A sample weight of approximately 7 g (calculated 
by Fitton, pars. comm., 1979, to allow 99% of NbK radiation in a matrix 
of very low absorption) was used. The sairple, mixed with 6 drops of a 
2% aqueous solution of polyvinyl alcohol as a binding agent, was trans 
ferred to a polished tungsten 	pressing apparatus, and hand 
pressed. Powdered boric acid was added as a backing, and the 'complete 
pellet corrpressed to about 10 ton/in 2 for about 1 minute using a hydrau- 
lic press. 
310 
A. 2. 2 	The Philips .  Fv1 1450/20 Spectroirtèr.. 
As the choice of high-'voltage X-ray tube is the. only analytical 
condition which must be manually selected, the FWI 1450/20 spectrometer 
at Edinburgh runs on three programs. 
Program 90: measures counts for major elenents (Na, Mg, Al,, Si, 
F, K, Ca, Ti, Mn, Fe) using a Cr-anode X-ray tube in an evacuated X-ray 
path. 
Program 91, Cr-tube: measures counts for the trace elements Sc, 
V, Cu, Ba, and La, using a Cr-anode X-ray tube in an evacuated X-ray 
path. 
Program 91, W-tube: measures counts for the trace elements Ni, Zn, 
Th, Ith, Sr, Y, Zr, Nb, Cr, Ce, Sm, and Nd using a W-anode X-ray tube 
in an evacuated X-ray path. 
Although the metamorphosed nature of the Gula, Store, and Fundsj o 
Group iretabasics restricts the usefulness of all but a small number of 
elements to petrogenetic considerations, all elements irentioned above 
were determined in order that mass absorption and interference correc-
tions could be carried out. For samples of the Kletten, Kaitberget, 
and Skj aekerdalen iritrusives, however, only major elements have been 
determined. Analytical conditions are summarised in Table A. 1, while 
the various interferences between analytical lines, and their treatnent 
are shown in Table A.2. 
A.3 Data Processing 
A.3.1 	Major elements. 
Major element calibrations were based on international standards. 
As saii1es have similar mass absorption coefficients as a result of the 
presence of the heavy absorber La in the flux, no corrections for mass 
absorption differences were made. Averaging of count ratios and 
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TABLE A.1 XRF analytical conditions. 
Colli- Backoimd Lower 
Line Crystal k V MA mator Counter offset 2- Level Wjnd.c 
SiL PE 50 145 C F + 14.40 25% 60% ____ PE 60 145 C F - 5.75 25% 60% FeLt LiF200 50 145 P F - 1.63 20% 60% 
NgL TIAP 60 145 C P + 2.70 259/6 5% Ca LiF200 50 30 F F - 3.00 25% 60% NaK T1LP: 60 145 C F - 2.25 30% 50% LiF200 .50 145 F F - 14.55 25% 60% 
TiK. LIP200 50 145 F F + 14.714 30% 50% 
LiP200 60 145 F F - 1.00 15% 70% PL( Ge 50 145 C F + 3.114 35% 
SCE:1.4 LiP200 60 145 F F - 1.59 25% 60% 
M. LiF220 60 145 F F - 2.62 30% 50% CuL LiF200 60 145 C F + 1.01 39% 26% BaL,& LiF220 60 145 P F + 1.75 15% 60% 
LaLOC LiF200 60 145 C F - 1.08 .30% 50% 
NiL LiF200 60 145. P P + 1.33 25% 50% zx it  60 145 F F + 0.80 25% 50% TiL 90 30 F PS - 20% 60% RbE:.L " 90 30 F PS + 2.09 20% 60% SrK-. L 90 30 F PS - 20% 60% 
90 30 F PS + 0.148 20% 	. 60% ZrK 90 30 F PS - 20% 60% I'TbK 90 30 F PS - 0.140 20% 60% 
CrK 60 145 F F + 1.1414 
1- 0.714 15% 60% 
CeI1 " 60 145 F F - 15% 60% 
SmL.. 1 " 60 145 F PS - 0.148 20% 60% 
Nd.L- 1 60 45 P F - 1.314 15% 60% 
TiMp 60 145 P 	. P - 1 .54 30% 50% CaXp 60 145 F F - 2% 60% 
Crystals 
PE = Pentaery-thritol, TJAP = Thallium acid phthalate 
Ce = German i um, UP = Lithium Fluoride 
Collimators 
C = coarse, P = fine 
Counters 
F = gas flow proportional counter 
PS = flow counter and scintillation counter. 
TABLE A.2 Interferences on chosen analytical lines and backgrounds, and their treatments. 
Line 	 Interference 	Approx extent of Interference 	Correction made 
Mn K. Cr ICp Unimportant for Cr <1500 ppm 
P K,, Ca JCft(2nd order). Unimportant for CaO '20% 
Mg K Ca K 	(3rd order) ? 0.1% MgO for 20% CaO 
So K Ca K P 1 ppm. So per % CaO 
V K Ti Kp. 100 ppm. V per % PlO2 
La L.&1 Ti K0 5 ppm. La per % PO 2 
Ti Ba L 1 I 	 p pm. Ba 
V K. 0.0004 , P10 	per ppm. V 
for.Y Ni K. Y K1. 	(2nd order) Unimportant (1,00 ppm. 
Y K fib Ka 0.22 ppm.Y per ppm. fib 
Zr K.4 Sr K1 0.07 ppm. Zr per ppm. Sr 
Nb K La iC. (2nd order) 0.01 ppm.Nb per ppm. La 
I KJO . Unimportant for Y-4 1000 ppm. 
U. Lp,. Unimportant for U(50 ppm. 
CrK V 
CF 
0.05 ppm. Cr per ppm.V 
Ce L, Nd L.1 Probably unimportant? 
Nd L-, 1 Ce Lis 1 0.01 ppm.Nd per ppm. Ce 
Sm L.< 1 Ce L 2 0.02 ppm, Sm per ppm.Ce 
Cu background 11f L.41 . Unimportant for Zr 4 800 ppm 
Zr K., (2nd order) . 
I, Zr, Nb U, Th Unimportant for 	500 ppm U, Th 
backgrounds . 
Ce, Nd background Cr Kv*C Unimportant for Cr '000 ppm 
None 























calibration regressions were carried' out using the . computer prograns 
RATMAJ and MAJORS-.respectively (written' by Thi±'lwall , .1979). 
A.3.2 	Trace elements' 
Trace' element calibrations were based on international standards 
and synthetic spiked standards (Thiriwall, 1979). Mass absorption 
coefficients were calculated' for each sample on the basis of the major 
element analyses. Averaging of count ratios, calibration regressions 
and interference and matrix corrections were carried out using the 
computer programs CRTPACE, WTPACE, and TRACE, written by Thi'1wa1l 
(1979). A flow diagram of computer processing of the: ±aw data produced 
by the three spectrometer programs outlined in A.2.2 is presented in 
Fig. A.1. 
A.4. Reproducibility, Repeatability, Precision,, and Accuracy. 
The reproducibility of fused disc and pressed pellet preparation 
has been investigated' by Thi±1wal1 (1979) by the preparation and anal-
ysis of six discs and pellets of one sample. The results of this study 
are summarised in Table A.3. Table A.4. presents data on the repeat-
ability, or analytical precision, of the method, investigated by the 
repeated analyses of one disc and pellet (Thilwall, 1979). Accuracy 
(Table A.5) has been estimated by analysis of standard samples' (Thirlwall, 
1979), while a comparison of trace element data obtained on the' Edinburgh 
PW 150/20 spectrometer, with those obtained from the sane samples by 
other techniques is presented in Table A.6 (Graham, 1980). 
A.5' Analysis of Silicate Fraction of Skj aekerdalen Ores. 
Prior to the' preparation of fused discs, the sulfide components 
of these ores were removed by the separation techniques described in 
Appendix C. To facilitate separation the samples'.were ground to pass 
Fig. A.l Flow diagram of data processing computer programs (from Thirlwall, 1979). 
Output from XRF 
• 	Prograin90- major elements 
'F. 
:1 	RATMAJ 
Detects spurious counts, 
subtracts backgrounds and 
taken means of count ration 
Output from XRF program 
91 - Cr-tube trace elements 
OIITRACI 
As RAThAJJ also makes 
interference corrections for 
So, V and La 
Output from XflF program 
91 - . W-tube trace elements 
• 	WTRACJi 
An RATMAJ; also makes 
interference • corrections for 
Y, Zr, Sm and Nd 
MAJORS 
Makes calibration regression 
and calculates concentration 
Major element analyses 
tajor element standard analyses 
(File ANAL) or calibration data 
(File STDATA) 
Fraoe element standard analyses 
(File TRACANAL) or calibration data 
(File PIIACDATA) 
¶?J1.ACE 
As MAJORS; also makes matrix 
corrections and interference 
corrections for Nb, Cr and PlO2 
ITrace element analyneej 
VAIIPLOP 
Optioriall produces calibration 
graphs, variation diagrams etc. 
- 
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TABLE A.3 Reproducibility of disc and pellet produetidn 
Six discs and six pellets of sample MT45 
Data from Thiriwall (1979) 
mean 	 +2d 




Fe 203 8.248 0.101: 
MgO 6.743 0.069 
CaO 8.023 0.025 
Na 20 3.317 0.104 
K 
2 
 0 1;356 0.011 
T±02 1.281 0.007 
MnO 0.115 0.016 
P 
2 0 
 5 0.347 0.004 
1.01 1.542 0.100 
Ni 138.3 0.8 
Cr 289.8 4.0 
V 167.0 4.6 
Sc 24.4 - 	 0.4 
Cu 49.9 1.2 
Zn 67.9 1.1 
Sr 601.1 4.5 
Rb 17.3 0.9 
Zr 249.1 1.5 
Nb 12.4 0.9 
Ba 543.6 8.5 
Th 10.6 2.3 
La 31.1 2.1 
Ce 73.3 2.3 
Nd 34.1 1.7 
Sm 8.8 - 	 - 4.6 
25.8 0.8 
TiO 2cR 1.309 0.036 
TIO 2W 1.331 0.016 
Ni 138.9 1.5 
Zn 60.6 1.7 
Th 11.6. 2.2 
Ri, 16.7 1.2 
Sr 603.6 2.0 
1 25.5 0.5 
Zr 21,9.8 1.7 
Nb 12.7 1.1 
Cr 290.0 1.7 
Ce 71.7 3.8 
Sm 0.7 2.8 
Nd 31,.1 1.6 
TIO2W 1.31,% 0.011,. 
12 CYCLES 
Oxides in wt.%; trace elements 
in p.p.m. 
G2, AGV1, DTS1 and JB1 are 
international standards 
532, HT1,5 are ncunplen from the 
present study 
sn6 is a basaltlo'andesite from 
the volcano Stromboli, Italy 
(A) 








Mean 	± 2o' 	Mean 	± 2ii 	Mean 	± 2u' 	 Mean 	i 2a' 
510 
8 
69.32 0.210 59.62 0.240 4O.57 01146 
• 	Al2 1 5.40 0.050 17.12 0.062 0.110 0.006 
Fe 0 2.74 
0.81, 
0.015 6.92 0.035 8,93 0 .036 
0.038 1.59 0.030 1,9.69 0 . 253 
CaO 1 .92 0.010 11.96 0.020 0.17 0.002 
f 	Na 0 t,.30 0.060 4.37 0.121, 0.11 0.057 
K 4.19 0.014 2 .96 0.013. (-0.02) 0.001 
T02 0.1,9 0.001, 1.06 0.006 0.02 0.002 
MnO 0.03 0.010 0.10 0.009 0.13 0.008 
P 2  0 5 
0.13 0.005 0 .1,8 0.007 0.01 0.003 
16 CYCLES PER SAMPLE 
SR6 532 J131 
Mean ± 2d Mean ± 2o Mean ± 2cf 
Sc 1 5.7 0.1, 21.7 0.6 26.2 0.5 
V 162.7 3.1 133.1 1,.5 191,.0 2.0 
Cu 29.9 0.5 22.2 1.0 53.9 0;8 
Ba 893.7 7.0 1,00.2 1,.1 551,. 1 5.7 
La 1,1,.9 2.0 30.6 2.8 110.2 2.0 
TIO2CR 0.7 0.003 1.18% 0.003 1.27% 0.007% 
19 CYCLES PER SAMPLE 
)GtF 
DR-N Plc-N Ul-N Wi SY2 TB 
Sc 311 0 114 37 6 21 
V 221 2. 66 2611 50 121 
Cu 1414 14 20 102 3 32 
Ba 398 196 110 175 160 777 
La 20 2 3 12 67 51 
Abbey (1977) 
DR-N 	Plc-N U13-N 	Wi SY2 TB 
- 	 . 	 - 
- 	 735 77 13.5 
220 - 
. 	 75 2140 50 105 
52 	73 30 	110 14 50 
300 7210 A5 160 16o 720 
- 	 . 	 - 
- 	 712 705 756 
TABLE A.5 Analytical accuracy. Data from Thiriwall (1979). 
Analyses of standard samples run as unimowne, not included in calibrations, compared with values from Abbey (1977) 
Major elements in wt.%, trace elements in ppm. 
Major elements: sample GS-N 
Sb 2 	AlO 	Fe203* 	MgO 	CaO 	Na20 	K 2 0 	PlO2 	MnO 	P 2  0 
xii.p. 	i 	66.09 	11.01 	3.82 	2.30 	2 .145 	3.60 	11.687 	0.662 	0.060 	0.269 
Abbey.(1977) 	65.98 1 1.7 1 3.75 2.31 2.51 3.78 1:.61s. 0.68 0.06 0.28 
Ni 	Zn 	Ph 
Wi 	ill 	814 	2 
XRF 8Y2 11 260 127 
TB 	till 	90 	19 
Wi 	70 	06 	2 
Abbey 	SY2 10 250 7370 
(1977) TB 	110 	95 	719 
Rb Sr Y Zr Nb Cr Ce Sm Rd 
22 196 214 107 9 128 19 3 11 
226 270 1 214 208 37 9 157 13 72 
109 161 33 108 20 107 103 7 143 
21 190 25 105 710 120 723 71 15 
220 270 130 270 725 10 7210 716 770 
180 155 739 175 - 00 7115 79 - 
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TABLE A.6 Comparison of XRF data with other published analyses. 
Data from Graham (1980). 
Tb La Ce Nd Sm - 
XRF INAA 1F ID XRF ID XRF ID XRF ID 
43 2.8 2.45 9.6 - 21.5 19.0 7.0 10.8 2.1 2.85 
225B 6.6 - 17.6 17.6 42.5 41.2 21.6 22.4 7.9 4.72 
239 4.7 - 34.6 - 36.5 33.9 21.5 21.8 3.5. 5.28 
266 11.6 - 27.3 27.3 56.4 53.0 24.2 28.8 6.3 6.19 
286 12.5 9.01 28.8 - 58.5 52.4 23.0 25.0 4.9 5.26 
314 8.4 8.40 25.5 21.4 48,8 45.4 20.6 22.8 3.0 4.93 
380 5.7 - 20.7 18.3 35.1 41..5 20.6 24.3 4.4 5.51 
449 3.7 5.10 17.2 - 32.7 31.4 13.0 16.7 7.5 3.93 
450 2.6 - 10.4 8.59 20.L 20.9 . 11.8 14.6 0.4 3.61 
454 0.0 - 7;8 8.19 18.7 20.8 10.7 14.5 5.8 3.64 
500 1.5 1.25 6.1 5.52 14.2 13.5 4.7 8.96 3.0 2.49 
507 1.1 1.65 6.4 - 19.8 .15.8 6.8 11.0 7.7 3.07 
509 9.8 10.6 32.7 - 58.0 57.4 24.2 29.3 8.2 5.78 
ID analyses from Shimizu and A.rculus. (1975) and Eawkeswortb et a].. 
(1979b) 
INAA analyses from Minster and Allegre (1978) 
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80. nEsh As the. silicate powders fused easily at this grainsize, it 
was not thought .necessary to iec±'ush to 100 rrsh. 
77.68 	77.69 	77.70 
48.18 48.49 53.01 
4.26 5.89 7.49 
1 0.71 9.92 8.8 
23.47 2.64 16.66 
11.52 11.09 11.40 
1.48 1.42 1.15 
0.41 0.87 0.35 
0.35 0.45 0.56 
0.17 0.16 0.24 
0.09 0.11 0.10 
100.64 100.05 99.84 
3.08 3.66 1.81 
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TABLE A.7 	Analyses of Kletten Ultrama.fic Body 	- Profile lOOs. 
Sample 77.61 77.62 77.63 77.64 77.65. 77.66 77.67 
5102 47.86 48.82 50.93 47.88 44.73 49.75 48.07 
4.35 6.67 5.89 4.36 4.92 6.19 4.10 
Fe 203T 9.55 9.91 8.56 11.20 11.81 9.52 9.92 
25.62 20.46 16.55 23.11 30.40 19.15 25.29 
CaO 10.53 10.26 12.96 11.51 5.45 12.97 10.91 
20 1.07 1.00 1.43 0.88 0.91 1.08 1.03 
K20 0.48 1.40 0.45 0.52 0.66 0.52 0.39 
Ti02 0.33 0.56 0.51 0.39 0.34 0.63 0.35 
MnO 0.16 0.17 0.16 0.16 0.19 0.17 0.17 
P 2  0 5 0.10 0.12 0.06 0.07 0.08 0.05 0.08 
TOTAL 100.07 99.40 99.61 100.10 99.50 100.03 100.31 
L.O.I. 2.84 4.09 2.88 2.75 3.42 4.08 2.66 
TABLE A.8 
	Analyses of Kaitberget Ultranafic Body 	- 	Drill Hole 76/4 
Sample 
	77/4/38 77/4/42 77/4/46 77/4/50 77/4/54 77/4/58 77/4/62 77/4/66 77/4/70 77/4/74 77/4/78 77/4/81 
S102 	54.32 	47.89 	45.94 	48.46 	51.50 	51.77 	50.09 	49.22 	51.70 	52.13 	55.33 	52.92 
112 03 
	14.09 	3.21 	3.91 	5.24 	5.22 	5.68 	5.37 	5.57 	5.53 	4.95 	5.36 	5.17 
Fe 2O3T 7.20 	9.53 	11.05 	10.26 	9.79 	7.46 	10.39 	9.97 	10.09 	9.85 	9.40 	8.58 
MO 
	
10.14 	32.25 	32.79 	29.33 	26.13 	22.17 	29.27 	28.10 	26.27 	27.04 	25.28 	20.49 
CaO 
	
8.58 	5.63 	4.29 	3.92 	1.78 	8.14 	1.78 	3.73 	2.35 	3.70 	1.69 	10.67 
Na 20 
	
2.81 	0.54 	0.80 	0.41 	0.75 	0.58 	0.43 	0.35 	0.58 	0.44 	0.80 	0.79 
K20 
	
1.41 	0.00 	0.31 	0.67 	3.47 	3.37 	0.57 	1.18 	0.11 	0.07 	0.89 	0.88 
Ti02 	0.74 	0.22 	0.25 	0.32 	0.47 	0.30 	0.37 	0.33 	0.30 	0.39 	0.28 	0.35 
Mno 0.12 	0.15 	0.14 	0.15 	0.14 	0.12 	0.14 	0.14 	0.14 	0.15 	0.07 	0.19 
	
0.14 	0.02 	0.03 	0.04 	0.04 	0.06 	0.03 	0.05 	0.05 	0.02 	0.05 	0.03 
TOTAL 
	
99.57 	99.44 	99.51 	98.79 	99.28 	99.64 98.43 	98.66 	99.14 	98.74 	99.17 	100.07 
L.O.I. 	1.58 	13.39 	5.34 	8.30 	3.93 	2.57 	7.26 	7.51 	6.06 	5.47 	4.76 	2.74 
TABLE 1.9 
	
Analyses of Skjaekerdalen Host Rocks 
Sample 	78.77 	77.330 	77.316 	78.76 	77.307 	78.71 	77.300b 
Si02 	51.07 	51.42 	50.92 	45.91 	49.07 	51.83 	46.26 
11203 
	23.29 	12.52 	12.91 	12.03 	18.62 	4.63 	7.29 
Fe2031' 5.74 	7.40 	9.14 	12.86 	9.97 	12.95 	12.63 
MgO 
	4.18 	12.52 	11.30 	16.66 	7.95 	15.59 	22.74 
CaO 
	
9.83 	1 2.92 	11.23 	8.96 	10.75 	12.85 	8.90 
Na20 
	
3.75 	1.69 	2.04 	1.62 	2.07 	0.55 	0.76 
K20 
	
0.44 	0.20 	0.46 	0.16 	0.45 	0.34 	0.06 
T102 	0.35 	0.45 	0.57 	0.45 	0.29 	0.71 	0.54 
MnO 
	
0.07 	0.17 	0.18 	0.18 	0.17 	9.23 	0.21 
P20 5 	0.03 	0.01 	0.05 	0.01 	0.03 	0.03 	0.02 
TOTAL 98.76 	99.30 	98.82 	98.85 	99.38 	99.70 	99.41 
L.O.I 
	
0.73 	1.91 	1.73 	0.91 	1 1.10 	1.37 	0.45 
321 
UNUUMN 
ELECI'RON MICROPROBE ANALYSIS 
All mineral analyses presented in,,this thesis were obtained using 
the Canbridge Instruments Microscan 5 electron microprobe at the Grant 
Institute of Geology, Edinburgh. Wavelength-dispersive and energy-
dispersive systems are available,' and have been used in this study. 
The methods are described below. 
After preparation and petrological examination of polished' thin 
sections, a vacuum-deposited carbon film was added to provide a con-
ductive coating. Samples and standards were coated simultaneously. 
13.1 Wavelength-Dispersive Spectrometry. 
Analyses by wavelength-dispersive spectrometry were carried out 
using an accelerating potential of 20 kV, and a probe' current of 30 nA. 
The beam diameter was approximately 1pm. The probe current was moni-
tored using a Faraday Cage, and flow counters were used - for all elements. 
Elements may be determined in groups of four, such that relocation of 
the electron beam is required for successive groups. The method is 
therefore slightly more time consuming than energy-dispersive analyss, 
but has the advantage of yielding better precision for minor and trace 
elements. 
Backgrounds were counted only on standards and on one example of 
each phase, unless large compositional variations of a phase occurred. 
Where possible, background counts were measured' on ei -ther. side of the 
peak. However, in some cases, interference from other elements restric-
ted background readings to one side Only. 
Deadtirre correction and calculation of apparent concentrations were 
carried out using the computer'- program APPCONC written by D. J. Huinpliries. 
in general, apparent concentrations were Oá.lculated relative to an 
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average of standard counts .rreasured. before. and after each. set of 
unknowns. Rarely where significant drift in standard .count rates. 
occurred, only one set. of standard measurements was used'. 'Atomic 
number,' matrix absorption, and enhancement (ZAF) corrections were 
made using the 'computer program PROBE, writ -ten' by']). J. Humphries, 
based on the program of Duncumb and Jones' (1969), and using the cor-
rection procedures of Sweatrnan and Long (1969) 
Analytical conditions and standards used during the analysis of 
sulfide and silicate minerals are presented in Tables. B.1' and B.2, 
respectively. Table B.3 illustrates' typical precisions and detection 
Limits for the various minerals analysed. 
B.2 Energy-Dispersive. Spectrorretry. 
Analyses by energy-dispersive. rrethods were obtained using the Si 
(Li) Link System detector fitted' to the Edinburgh Micros can.: Accelera-
ting potential and probe current were 20 kV and 6 nA respectively. 
Livetines were 100 seconds and spectrum processing was carried out on-
line by a Data General Nova Computer, using a program written by 
Statham (1975), and utilising the ZAF correction procedures of Sweatman 
and Long (1969). 
Full calibration of the energy-dispersive system is necessary only 
at infrequent intervals, while short-term drift is corrected by refer-
ence to a Co metal monitor. 
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TABLE B.l 	Analytical Conditions Used. During Wavelength-Dispersive 
Electron Microprobe Analyses of Sulfide Minerals. 
Back- 
Element 
Crystal Background . Peak ground Standard & Line Offset Time . Time 
20 
S Ka PET + 2 140 140 Pyrite 
Mn Ka LiP ± 2 140 140 Element 
Fe Ka LiF ± 2 40 140 Element OR Pyrite* 
Co Ka LiF ± 2 140 4O Element 
Ni Ka LIF ± 2 140 140 Element 
Cu Ka LiF ± 2 140 140 Element 
Zn Ka LiF - 2 140 140 Element 
As La KAP + 2 40 40 Galium Arsenide** 
As Ka LIP ± 2 4O 40 Galium Arsenide*** 
Ag La Quartz ± 1 140 140 Element 
Cd La Quartz + 1 140 4O Element 
Pb Ma PET - 2 4O 140 Galena 
* In general sulfide minerals.of massive volcanogenic sulfide deposits 
were analysed using a pyrite standard while for those of magmatic 
association iron element was used as standard. 
** For analyses of sulfide minerals of massive volcanogenic sulfide 
deposit 
For analyses of sulfide minerals of magmatic origin. 
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TABLE B. 2 	Analytical Conditions Used During Wavelength-Dispersive 
-. 	 Electron Microprobe Analyses of. Silicate Minerals 






Si Ka RAP + 1.5 4o 140 WoUastonite 
Na Ka RAP + 1.5 140 140 Jaedite 
Mg Ka RAP + 1.5 140 140 Olivine OR Periclase* 
Al Ka RAP + 1.5 140 140 Corundum 
K Ka PET ± 1.75 140 140 Orthoclase 
Ca Ka LIF ± 2 140 140 Wollastonite 
Ti iCe,. PET ± 2 140 140 Rut lie 
Cr Ka Quartz ± 2 4O 40 Element 
Mn Ka Quartz ± 2 140 140 Element 
Fe Ka L1F ± 2 140 4O Element 
Co Ka LIF ± 2 140 140 Element 
Ni Ka LiF ± 2 140 140 Element 
* An olivine standard was used for analyses of olivines while 
periclase was used for pyroxene analyses. 
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TABLE B.3 	Precision and Detection Limits of Typical Wavelength-Dispersive Microprobe Analyses 
Olivtne 1 
oxide analys is precision detection 
(t2o) limit 
Si02 40.19 0.192 0.019 
Ti0 2 0.00 - 0.023 
203 0.01 0.008 0.009 
Cr203 0.01 0.015 0.020 
NO 13.04 0.153 0.026 
MgO 45.45 0.177 0.012 
CaO 0.02 0.017 0.021 
Rao 0.33 0.023 0.021 
NiO 0.04 0.023 0.033 
coo 0.03 0.020 0.029 
0rthoyroxene 1 
oxide 	analysis 	precision 	detection 
(t2a) limit 
Si02 56 .01 0.233 0.021 
Ti02 0.09 0.017 0.022 
Al 203 0.82 0.023 0.009 
Cr203 0.09 0.017 0.020 
FeO 8.70 0.125 0.024 
M80 32.08 0.134 0.010 
CeO 1.04 0.062 0.018 
MnO 0.25 0.021 0.019 
NiO 0.01 0.022 0 .032 
COO 0.01 0.020 0.029 
0.02 0.007 0.008 
0.01 0.008 0.011 
Pyrite 43 
element analysis precision detection 
(±20) limit 
S • 52.75 0.230 0.013 
Pb 0.25 0.047 0.056 
Fe 46.49 0.280 0.032 
za 0.04 0.039 0.057 
Cu 0.04 0.028 0.039 
Ni 0.01 0.023 0.033 
Ag 0.08 0.048 0.063 
Cd 0.00 - 0.072 
Co 0.21 0.027 0.03 1 
Ma 0.00 - 0.026 
As 0.27 0.035 0.026 
Clinopyroxene 9 - 
oxide 	analysis 	precision 	detection 
(20) Limit 
5i02 52.62 0.233 0.021 
Ti02 0.28 0.022 0.022 
203 2.15 0.036 0.011 
Cr203 0.84 0.032 0.020 
FeO 4.53 0.090 0.027 
MgO 17.20 0.098 0.010 
CaO 20.53 0.274 0.029 
Rao 0.17 0.018 0.021 
NiO 0.02 0.023 0.034 
coo 0.02 0.020 0.029 
Na20 0.32 0.017 0.009 
1(20 0.00 - 0.013 
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TABLE B.3 	(continued) 
Pyrthotite 23 
element analysis recision p 	(2o) 
detection 
limit 
S 38.72 0.193 0.013 
Pb 0.15 0.041 0.052 
Fe 60.65 0.323 0.033 
Zn 0.32 0.049 0.056 
Cu 0.06 0.029 0.040 
Ni 0.01 0.024 0.035 
kg 0.02 0.045 0.065 
Cd 0.05 0.047 0.064 
Co 0.09 0.024 0.032 
Mn 0.00 - 0.025 
As 0.00 - 0.023 
Cbalcopyrite 37 
element 	an1ys precision ±2a) 
detection 
limit 
S 34.56 0.182 0.012 
Pb 0.13 0.042 0.955 
Fe 30.76 0.238 0.032 
Zn 0.00 - 0.064 
Cu 33.81 0.258 0.045 
Ni 0.00 - 0.039 
Ag 0.04 0.048 0.066 
Cd 0.00 - 0.071 
Co 0.07 0.024 0.032 
Mn 0.02 0.016 0.026 
As 0.00 - 0.023 
Sphalerite 29 
element analysis precision (t2a) 
detection 
limit 
S 33.31 0.171 0.011 
Pb 0.15 0.039 0.049 
Fe 6.36 0.128 0.032 
Zn 56.73 0.418 0.066 
Cu 0.03 0.032 0.046 
Ni 0.00 - 0.039 
Ag 0.08 0.047 0.061 
Cd 0.29 0.063 0.064 
Co 0.01 0.023 0.034 
Mn 0.13 0.022 0.027 
As 0.00 - 0.022 
Galena 12 
element analysis precision (±2a) 
detection 
limit 
S 12.96 0.124 0.016 
Pb 85.72 0.593 0.112 
Fe 1.36 0.063 0.051 
Zn 0.00 - 0.099 
Cu 0.10 0.049 0.069 
Ni 0.00 - 0.060 
Ag 0.28 0.076 0.090 
Cd 0.07 0.068 0.096 
Co 0.00 - 0.051 
Mn 0.02 0.026 0.039 
As 0.11 0.026 0.019 
Formula used: 
3/Cb 
detection limit • S 	x wt % 
Bp 	ab 
precision o 	= S 	x 	-c 	) 	" (cap ab 
where S standard composition in vt% 
C 9 - total counts on standard peak 
Csb - total counts on standard background 
C total counts on sample peak 
total counts on sample background. 
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TABLE Z.3 	(continued) 
Arsenopyrite 1 
element 	analysis precision (2c) 
detection 
S 22.14 0.135 0.011 
Pb 0.14 0.036 0.046 
Fe 35.57 0.254 0.035 
Zn 0.00 0.062 
Cu 0.04 0.032 0.046 
0.03 0.027 0.040 
Ag 0.00 - 0.068 
Cd 0.06 0.050 0.068 
Co 0.14 0.027 0.034 
bt,• 0.01 0.019 0.028 
As 41.57 0.385 0.036 
Cobaltite 1 
element analysis precision (±2o) 
detection 
limit 
S 19.63 0.132 0.011 
Pb 0.00 - 0.050 
Fe 5.26 0.105 0.034 
Zn 0.01 0.049 0.073 
Cu 0.21 0.047 0.063 
Ni 7.20 0.122 0.040 
CO 23.51 0.202 0.039 
As 44.63 0.596 0.174 
Pentlandite 10 




S 32.75 0.176 0.012 
Pb 0.14 0.043 0.056 
Fe 25.34 0.202 0.029 
Zn 0.00 - 0.065 
Cu 0.00 - 0.053 
Ni 29.74 0.226 0.034 
Co 11.96 0.136 0.034 
As 0.10 0.106 0.154 
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TA3L B.4 	Pyrite, Analyses 	- 	Massive Volcanogenic Sulfide Deposits 
Deposit JLLT 
Sample 75.&.1(G1) 78.FM.3(02) 78J1.6(G3) 78.Y.7(C4) 
VY= 1 2 3 4 5 6 6 9 10 11 12 
S 53.70 53.45 53.82 53.60 53.56 53.66 53.61 53.31 53.31 53.47 53.44 
Pb 0.19 0.11 0.17 0.24 0.14 0.18 0.17 0.18 0.12 0.08 0.06 
Pe 47.06 46.32 46.67 47.48 47.34 47.63 47.48 47.45 47.94 47.53 47.70 
Zn 0.00 0.00 0.04 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 
Cu 0.09 0.07 0.10 0.06 0.05 0.05 0.08 0.06 0.00 0.07 0.06 
Ni 0.00 0.00 0.02 0.05 0.03 0.01 0.00 0.03 0.00 0.01 0.04 
Ag 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 
Cd 0.05 0.06 0.04 0.04 0.02 0.03 0.06 0.04 0.00 0.00 0.05 
Co 0.29 0.95 0.95 0.16 0.12 0.18 0.09 0.18 0.17 0.11 0.24 
mm 1W ND 1W ND ND ND NI) NI) ND ND 1W 
As 1W ND ND ND ND ND ND ND ND ND ND 	 -. 
Total 101.40 100.97 101.83 101.64 101.26 101.79 101.54 101.25 101.55 101.26 101.60 
Deposit LOEM 
Sap1e 78SM.8(G5) 78.LM.1(G6) 76.LM.2(07) 76.LM.3(G8) 78.LM.4(09) 
Fr= 13 14 15 16 17 19 21 22 23 24 25 26 
S 53.28 53.07 52.99 52.48 52.92 53.75 53.80 53.74 53.87 53.50 53.17 53.53 
Pb 0.14 0.05 0.18 0.06 0.09 0.17 0.20 0.16 0.14 0.15 0.27 0.18 
Fe 47.77 47.85 47.39 47.28 47.55 47.25 47.29 47.01 47.45 47.40 46.80 47.29 
Zn 0.14 0.08 0.01 0.16 0.30 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
Cu 0.03 0.05 0.02 0.09 0.01 0.19 0.06 0.06 0.17 0.15 0.07 0.08 
Ni 0.03 0.03 0.00 0.03 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.10 0.02 0.00 0.00 
c  0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.04 0.01 
Co 0.09 0.07 0.08 0.05 0.07 0.18 0.14 0.11 0.23 0.15 0.42 0.16 
Mo. ND 1W ND ND ND 0.02 0.00 0.01 0.00 0.14 0.00 0.01 
As ND 1W ND ND ND ND 1W ND ND ND ND ND 
Total 101.47 101.21 100.68 100.16 100.99 1 01 -57 1 01 -52 101.13 101.97 101.51 100.78 101.26 
53.15 53.37 53.25 51.77 
0.19 0.19 0.21 0.06 
47.16 49.98 47.28 45.83 
0.00 0.05 0.02 0.00 
0.07 0.11 0.10 0.91 
0.00 0.01 0.00 0.01 
0.00 0.08 0.00 0.04 
0.14 0.05 0.07 0.05 
0.09 0.10 0.10 0.48 
0.00 0.01 0.09 0.00 
ND ND ND ND 
53.63 53.39 53.16 
0.19 0.18 0.20 
47.49 47.59 47.44 
0.05 0.06 0.00 
0.03 0.05 0.11 
0.00 0.00 0.00 
0.04 0.00 0.00 
0.11 0.07 0.11 
0.11 0.08 0.12 
0.00 10.00 0.00 
ND ND ND 
53.51 53.78 53.50 
0.19 0.21 0.23 
47.33 47.16 47.24 
0.01 0.09 0.10 
0.12 0.03 0.04 
0.01 0.00 0.01 
0.00 0.00 0.01 
0.10 0.08 0.12 
0.14 0.19 0.11 
0.00 0.00 0.00 
ND ND ND 
53.42 53.79 53.83 
0.12 0.27 0.19 
46.96 46.67 46.53 
0.00 0.03 0.00 
0.05 0.15 0.08 
0.02 0.02 0.00 
0.06 0.00 0.04 
0.00 0.00 0.00 
0.09 0.13 0.14 
0.00 0.00 0.00 












TL3L 	B.4 	(continued) 	yite Analyses 	- 	Massive Volesnogenic Sul'-ride Deposits 
Deposit 	 raLmDAL 
Sasple 	78.LM.8(G10) 	 78..1(c11) 	 78..2(o12) 	 78..4(&13) 
PE1TE 	28 	29 	30 	37 	 31 	32 	33 	34 	35 	36 	38 	39 	40 
Total 	100.81 100.95 101.14 99.17 	101.65 101.41 101.15 	101.41 101.55 101.36 	100.72 101.06 100.80 
Deposit ROSTVANGEN 
Sample 78.106.5(014) 78..80,15) 77.RD.1(F1) 77.ND.2(F2) 
P!BITZ 41 42 43 44 45 46 47 48 49 50 51 52 
S 53.73 53.49 52.75 53.31 53.36 53.44 53.56 53.85 54.41 53.70 53.32 55.35 
Pb 0.15 0.21 0.25 0.20 0.22 0.17 0.16 0.19 0.15 0.14 0.20 0.17 
Fe 46.69 46.89 46.49 46.76 46.82 49.94 46.72 45.95 46.53 46.47 46.82 46.86 
Zn 0.28 0.06 0.04 0.00 0.06 0.01 0.0 0.95 0.00 0.00 0.00 0.00 
cu 0.09 0.03 0.04 0.06 0.04 0.10 0.07 0.05 0.07 0.07 0.08 0.05 
Ni 0.05 0.00 0.01 0.03 0.01 0.02 0.00 0.00 0.02 0.00 0.00 0.01 
Ag 0.01 0.02 0.08 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.07 0.00 0.10 0.06 0.13 
Co 0.13 0.12 0.21 0.15 0.15 0.17 0.28 0.16 0.23 0.10 0.14 0.13 
11n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
An 0.00 0.00 0.27 0.00 0.00 0.00 ND ND ND ND ND ND 
Total 101.13 100.82 100.16 100.53 100.71 100.89 100.88 101.23 101.40 100.59 100.63 100.71 
330 
TABLE 	.4 	(continued) 	Py'ite Analyses 	- 	Massive Volcanoanic Sulfide Deposits 
Deposit 
Sample 78.RD.10(016) 
PRITZ 53 54 55 56 57 56 59 60 6' 
S 53.46 53.75 53.53 53.39 53.33 53.45 53.49 53.47 53.27 
Pb 0.14 0.24 0.22 0.17 0.19 0.22 0.20 0.22 0.24 
Fe 46.41 46.46 46.67 46.29 46.59 46.73 46.67 46.52  46.61 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.06 0.07 0.05 0.04 0.05 0.05 0.04 0.05 0.03 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Ag 0.00 0.00 0.00 0.00 0.05 0.01 0.02 0.01 0.08 
Cd 0.05 0.11 0.07 0.02 0.05 0.03 0.04 0.06 0.07 
Co 0.21 0.20 0.16 0.03 0.05 0.15 0.11 0.07 0.08 
Mn 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.02 
As ND ND ND ND ND ND ND ND ND 
Total 100.35 100.84 103.69 99.97 100.32 100.64 100.58 100.43 100.40 
Deposit KVIK 
	
Sample 	78.KVD.1(019) 	 78.ZVD.2(G20) 	 78.VD.6(C21) 	 78.ZVD.7(G22) 
PYBITE 	62 	63 	64 	65 	66 	67 	66 	69 	70 	71 	72 	73 
S 	53.37 	53.44 	53.43 	53.55 	53.63 	53.58 	53.52 	53.31 	53.18 	53.50 	53.11 	53.21 
Pb 	0.19 	0.20 	0.16 	0.23 	0.18 	0.17 	0.23 	0.22 	0.21 	0.20 	0.19 	0.24 
Fe 	46.54 46.79 	46.78 	46.72 	46.47 	46.67 	46.88 46.86 46.71 	46.66 46.71 	46.55 
Zn 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.01 	0.00 
Cu 	0.02 	0.02 	0.04 	0.03 	0.00 	0.00 	0.01 	0.03 	0.01 	0.03 	0.01 	0.03 
Ni 	0.00 	0.00 	0.01 	0.02 	0.00 	0.01 	0.01 	0.01 	0.01 	0.00 	0.02 	0.01 
Ag 	0.00 	0.00 	0.01 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.02 	0.01 
Cd 	0.01 	0.02 	0.03 	0.04 	0.00 	0.16 	0.08 	0.13 	0.04 	0.10 	0.00 	0.13 
co 	0.08 	0.08 	0.05 	0.06 	0.13 	0.09 	0.10 	0.08 	0.09 	0.10 	0.09 	0.07 
Mn 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 
As 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 
Total 	100.20 100.54 100.51 	100.65 100.41 100.67 	100.82 100.64 100.26 	100.60 100.14 100.26 
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TABLE 9.5 	Pyrhotite Analyses 	- 	Massive Volcanogeoic Sulfide Deposits 
	
Deposit 	TJELLET 	 mLCDAL 
Sample 	78.FM.6(G3) 	78.FM.3(C2) 	 78.FM.1(G1) 	78..1 (c1 i) 	 78..2(G12) 
PYBP.ROTI'TE 	1 	3 	4 	5 	6 	 6 	 10 	11 	12 	13 	14 	15 
S 	39.63 	39.40 	39.54 	39.22 	59.26 	39.34 	 38.55 	39.14 	39.06 	38.56 	38.60 	38.95 
Pb 	0.51 	0.47 	0.49 	0.46 	0.49 	0.52 	 0.08 	0.12 	0.16 	0.09 	0.10 	0.11 
Fe 	60.88 	61.10 	60.79 	60.53 	61.22 	61.12 	 61.58 	60.62 	60.79 	61.40 	61.29 	60.55 
Zn 	0.66 	0.63 	0.62 	0.64 	0.60 	0.59 	 0.03 	0.00 	0.00 	0.00 	0.14 	0.27 
Cu 	0.11 	0.13 	0.02 	0.04 	0.22 	0.06 	 0.05 	0.09 	0.09 	0.10 	0.05 	0.05 
Ni 	0.04 	0.05. 	0.03 	0.01 	0.01 	0.01 	 0.02 	0.01 	0.01 	0.00 	0.02 	0.00 
Ag 	0.00 	0.00 	0.03 	0.00 	0.00 	0.00 	 0.04 	0.00 	0.00 	0.06 	0.02 	0.02 
Ce. 	0.01 	0.00 	0.00 	0.00 	0.06 	0.05 	 0.00 	0.05 	0.00 	0.08 	0.00 	0.00 
Co 	0.14 	0.11 	0.13 	0.12 	0.10 	0.14 	 0.10 	0.10 	0.11 	0.10 	0.11 	0.12 
ND 	ND 	ND 	ND 	ND 	ND 	 0.00 	0.01 	0.00 	0.01 	0.00 	0.01 
As 	ND 	ND 	ND 	ND 	ND 	ND 	 ND 	ND 	ND 	ND 	ND 	ND 
Total 	101.98 101.90 	101 -45 101.03 101.98 	101 -83 	100.45 100.14 100.21 	100.39 100.33 100.07 
Deposit 
sample 	78.L.4(G11) 	 78.4.5(C1 4) 	 78..8(G15) 	 77.ND.i(F1) 
16 	17 	18 	19 	20 	21 	22 	23 	24 	 25 	26 	27 
S 	39.59 	40.05 	39.80 	40.28 	39.76 39.89 	39.12 	38.72 	39.30 	38.85 39.23 38.96 
Pb 	0.14 	0.17 	0.18 	0.21 	0.17 	0.22 	0.18 	0.15 	0.18 	0.11 	0.23 	0.16 
Fe 	60.47 	60.59 	60.72 	60.05 59.98 	59.95 	60.95 	60.65 	60.78 	60.46 59.65 59.98 
Zn 	0.06 	0.04 	0.14 	0.05 	0.02 	0.09 	0.02 	0.32 	0.26 	0.13 0.42 	0.00 
Cu 	0.05 	0.09 	0.07 	0.08 	0.07 	0.07 	0.09 	0.06 	0.07 	0.09 0.11 	0.06 
Ni 	0.02 	0.00 	0.00 	0.01 	0.02 	0.00 	0.00 	0.01 	0.01 	 0.00 0.01 	0101 
Ag 	0.09 	0.01 	0.00 	0.05 	0.04 	0.00 	0.00 	0.02 	0.00 	0.00 0.00 0.00 
Cd 	0.05 	0.00 	0.07 	0.01 	0.09 	0.06 	0.04 	0.05 	0.01 	 0.13 	0.04 0.12 
Co 	0.11 	0.11 	0.12 	0.12 	0.08 	0.08 	0.10 	0.09 	0.08 	0.09 	0.10 	0.07 
Ma 	0.01 	0.00 	0.01 	0.00 	0.00 	0.01 	0.00 	0.00 	0.01 	 0.00 0.00 0.00 
As 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	0.00 	ND 	ND 	ND 
Total 	100.57 101.08 101.13 	100.87 100.24 100.38 	100.50 100.09 100.72 	99.86 99.80 99.37 
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3L 	.5 	(contied) 	PT1Otite Analyses - Massive Vo1Ccnogenc Sulfide Deposits 
Deposit 
Sample 77..2(F2) 78.0.10(o16) 78.ND.14(017) 78.BD.15018) 
PYFMOT  M 28 29 30 31 32 33 34 35 36 37 38 39 
S 38.43 38.52 37.8.4 39.66 39.03 39.50 38.89 36.90 38.93 35.98 36.54 39.35 
Pb 0.14 0.15 0.19 0.17 0.20 0.12 0.04 0.05 0.09 0.12 0.15 0.11 
Fe 60.54 60.15 61.06 59.06 60.14 59.46 60.71 60.89 60.85 60.19 61.03 59.32 
Zn 0.00 0.00 0.00 0.37 0.19 0.21 0.00 0.00 0.00 0.01 0.00 0.06 
Cu 0.03 0.00 0.01 0.07 0.15 0.08 0.08 0.06 0.06 0.25 0.05 0.40 
Ni 0.02 0.00 0.02 0.00 0.01 0.00 0.05 0.05 0.03 0.02 0.06 0.00 
Ag 0.00 0.03 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 
Cd 0.10 0.09 0.16 0.14 0.06 0.07 0.06 0.08 3.08 0.09 0.11 0.09 
Co 0.09 0.13 0.12 0.08 0.11 0.10 0.07 0.09 0.04 0.05 0.04 0.03 
lAn 0.00 0.01 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
As ND ND ND ND ND ND ND ND ND ND ND ND 
Total 	99.34 99.11  99.43 	99.56 99.92  99.54 	99.95 100.16 100.11 	99.70 99.98 99.35 
Deposit XVIM  
Sample 76.VD.1(G19) 78.KVD.2(G20) 78.  KM. 6(G21) 76.ZVD.7(G22) 
MMEDTIM 41 42 43 44 45 46 47 48 49 50 51 52 
S 38.81 38.73 36.16 36.92 39.38 39.25 39.08 39.06 39.03 39.15 38.98 39.09 
Pb 0.14 0.12 0.12 0.08 0.12 0.05 0.06 0.08 0.11 0.11 0.10 0.10 
Fe 60.72 60.93 60.79 61.13 60.78 60.71 60.24 60.80 60.93 61.15 60.78 60.64 
Zn 0.00 0.00 0.27 0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.00 0.00 
Cu 0.11 0.03 0.21 0.07 0.04 0.06 0.04 0.03 0.02 0.04 0.03 0.04 
Ni 0.06 0.03 0.00 0.02 0.00 0.04 0.00 0.01 0.03 0.06 0.04 0.02 
Ag 0.01 0.04 0.00 0.00 0.00 0.02 0.00 0.03 0.00 0.01 0.00 0.06 
Cd 0.06 0.06 0.03 0.06 0.03 0.01 0.00 0.08 0.07 0.00 0.00 0.09 
co 0.04 0.02 0.02 0.07 0.08 0.08 0.06 0.08 0.06 0.06 0.06 0.07 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 • 0.00 0.00 0.00 
As ND ND ND 1W ND ND ND ND 1W ND ND ND 
Total 99.96 99.97 99.61 100.35 100.43 100.22 100.16 100.17 100.27 100.58 99.99 100.12 
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TABLE B.6 	Chalcopyite Analyses 	- 	Massive Volca.nogenic Sulfide Deposits 
Deposit TVENDJELLLP 
Sample 76.FM.1 (ci) 78.FM.3 (02) 78.FM.6 (03) 78.1-M.8 (05) 
CELLCOPTRITE 1 2 3 4 5 6 7 .8 9 13 14 
S 34.35 34.54 34.35 34.37 34.47 34.39 34.04 34.22 34.05 34.91 34.80 
Pb 0.03 0.13 0.09 0.10 0.06 0.10 0.07 0.06 0.15 0.12 0.21 
Fe 31.40 31.41 3 1 -39 31.22 31.72 31.26 31.11 31.01 3 1 . 1 2 30.82 30.96 
Zn 0.05 0.04 0.02 0.05 0.02 0.04 0.06 0.03 0.12 0.08 0.00 
Cu 33.58 33.29 33.51 33.61 33.08 33.53 33.32 33.49 33.64 33.95 34.16 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 
Ag 0.12 0.06 0.09 0.00 0.09 0.04 0.06 0.12 0.11 0.02 0.05 
Cd 0.10 0.13 0.04 0.04 0.10 0.04 0.10 0.07 0.13 0.12 0.00 
Co 0.06 0.05 0.07 0.07 0.05 0.07 0.07 0.07 0.05 0.06 0.03 
Mn ND ND ND ND ND ND ND ND ND ND ND 
As ND ND ND ND ND ND ND ND ND ND ND 
Total 99.70 99.66 99.57 99.47 99.60 99.48 98.52 99.07 99.38 100.12 100.23 
Deposit LOKM  
Sample 78-FM-7 (04) 7S-LM-1 	(06) 78-LM-4 (09) 78-IM-3 (GS) 
CEA.LC0PThISD 16 17 18 10 ii 12 19 20 21 22 
S 34.45 34.52 34.51 34.32 34.31 35.13 35.16 35.20 35.18 35.09 
Pb 0.16 0.17 0.15 0.10 0.18 0.10 0.06 0.10 0.06 0.06 
Fe 30.14 31.06 30.92 30.25 30.69 31.03 30.53 31.19 30.46 30.81 
Zn 0.02 0.03 0.03 0.83 0.68 0.23 0.00 0.00 0.02 0.00 
Cu 33.67 33.90 33.57 32.94 33.47 33.88 33.23 33.34 34.02 34.10 
Ni 0.03 0.03 000 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
Ag 0.00 0.00 0.05 0.01 0.00 0.02 0.04 0.04 0.00 0.05 
Cd 0.10 0.04 0.01 0.00 0.05 0.05 0.08 0.02 0.04 0.02 
Co 0.07 0.02 0.03 0.04 0.04 0.04 0.05 0.07 0.05 0.05 
Mn ND ND ND ND ND MD 0.00 0.00 0.00 0.00 
As ND ND ND ND ND ND ND ND ND ND 
Total 98.64 99.78 99.29 98.52 99.43 100.29 99.15 99.97 99.82 100.18 
33.L,, 
TBIZ B.6 	(continued) 	Qalcopyte Analyses 	- 	Masve VO1CamOsiC Sulfide Deposits 
Deposit LflA1 
Sample 78.124-2 (07) 7S..M.s (cio) 78-KU-8 015) 78.6.5 (014) 
CIqAI OFYF= 25 26 27 34 35 37 38 39 40 41 42 
S 35.04 35.51 35.28 34.52 34.39 34.58 34.59 34.53 34.56 34.50 34.35 
Pb 0.07 0.05 0.04 0.12 0.09 0.13 0.15 0.08 0.11 0.10 0.11 
Pe 30.70 30.45 30.96 30.74 30.77 30.76 30.63 30.47 30.38 30.48 30.77 
0.00 0.03 0.00 0.03 0.06 0.00 0.04 0.07 0.07 0.16 0.15 
Cu 34.36 34.33 33.53 33.83 33.97 33.81 34.14 54.05 33.97 33.78 33.03 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ag 0.00 0.03 0.07 0.00 0.01 0.04 0.01 0.00 0.00 0.01 0.05 
Cd 0.01 0.00 0.05 0.01 0.00 0.00 0.00 0.05 0.00 0.03 0.00 
Co 0.03 0.05 0.04 0.05 0.04 0.07 0.05 0.05 0.05 0.06 0.03 
Mn 0.00 0.00 0.01 0.01 0.00 0.02 0.02 0.01 0.01 0.03 0.00 
As ND ND ND ND ND 0.00 0.00 0.00 0.00 0.00 0.00 
Total 	100.20 100.43 100.02 	99.32 99.34 	99.41 99.63 99.32 	99.15 99.15 98.50 
Deposit 
Sample 78.L.4 (013) 78.4.2 (012) 76.L.1 (Gil) 
CELLCOFY?= 43 44 45 28 29 30 31 32 33 
.5 34.41 34.68 35.42 34.52 34.44 34.35 34.58 34.73 54.65 
Pb 0.10 0.07 0.08 0.10 0.04 0.07 0.09 0.08 0.07 
Pe 30.37 30.71 30.72 31.20 31.06 30.82 31.21 21.27 30.80 
zn 0.03 0.00 0.03 0.02 0.04 0.00 0.09 0.09 0.88 
Cu 34.05 33.95 34.10 33.53 33.28 33.30 33.35 32.80 33.10 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AS 0.01 0.03 0.04 0.00 0.00 0.00 0.00 0.00 0.00 
Cd 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Co 0.06 0.03 0.05 0.05 0.05 0.06 0.06 0.08 0.05 
Mn 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 
As 0.00 0.00 0.00 ND ND ND ND ND ND 
Total 99.05 99.50 100.45 99.44 98.9 1 98.61 99.39 99.05 99.56 
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Z.2I2 	3.6 (continued) 1a1copy1te Analyses - 	 Massive VoicanogenicSul-fide Deposits 
Deposit RDSTVANM  
Sample 78.P.10. (o16) 77..2 (72) 77-EM-1 (pi) 78.52.15 (GIB) 
C8LC0PBIT 46 47 48 49 50 51 52 53 54 38 59 60 
S 34.72 34.69 34.63 35.06 34.94 	75.03 - 	 34.72 34.97 34.78 34.68 34.64 34.81 
Pb 0.14 0.16 0.14 0.15 0.09 0.12 0.15 0.11 0.10 0.11 0.10 0.12 
Fe 30.37 29.93 30.11 30.58 3044 30.14 30.56 30.03 30.68 30.53 30.36 30.76 
Zn 0.24 0.15 0.07 0.05 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.00 
Cu 34.62 34.15 34.52 34.15 34.24 34.40 34.48 34.75 34.36 34.26 34.23 34.20 
Ni 0.03 0.03 0.00 0.01 0.00 0.02 0.03 0.02 0.01 0.00 0.00 0.00 
Ag 0.09 0.03 0.10 0.00 0.04 0.05 0.06 0.01 0.00 0.04 0.06 0.05 
Ci 0.00 0.00 0.01 0.09 0.08 0.03 0.05 0.00 0.02 0.00 0.01 0.10 
Co 0.05 0.05 0.06 0.04 0.05 0.05 0.07 0.05 0.06 0.05 0.03 0.02 
km 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
As 52 52 ND ND 52 52 52 52 52 52 52 52 
Total 100.25 99.19 99.64 100.14 100.08 	99.85 100.15 99.97 100.04 99.6e 99..4 	100.07 
Deposit KVIKNE 
Semple 78.52.14 (GIl) 78.NVD.1 (019) 76.NVD.7 (022) 78.NVD.6 (021) 78.ZVD.2 (020) 
CE"COPYRZTIS 	61 63 64 55 56 57 65 66 67 68 69 70 71 72 73 
5 34.56 35.04 34.94 34.57 34.49 34.85 34.30 35.21 35.00 34.88 34.85 34.72 34.97 34.87 35.04 
Pb 0.11 0.11 0.14 0.12 0.00 0.10 0.19 0.17 0.16 0.14 0.1e 0.16 0.1e 0.20 0.13 
Fe 30.57 30.23 30.88 29.89 30.38 30.79 30.52 7.0.60 30.67 30.59 30.55 30.70 30.60 30.05 30.18 
Zn 0.00 0.00 0.00 . 	 0.00 0.00 0.00 0.06 0.11 0.09 0.10 0.07 0.10 0.06 0.03 0.05 
Co 3.4.00 34.35 34.15 34.14 34.26 34.30 33.91 33.92 34.35 34.29 34.10 34.18 74.24 34.12 32.79 
N 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.03 0.01 0.02 
AG 0.05 0.04 0.02 0.00 0.02 0.07 0.04 0.00 0.00 0.00 0.03 0.07 0.00 0.03 0.00 
Ci 0.00 0.01 0.00 0.00 0.05 0.01 0.07 0.12 0.09 0.07 0.06 0.05 0.04 0.10 0.07 
Co 0.04 0.04 0.02 0.04 0.02 0.03 0.05 0.03 0.00 0.04 0.03 0.04 0.05 0.05 0.03 
mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00 
As 52 52 52 ND ND ND 52 52 52 52 52 pm 52 ND Im 
Dote. 99.65 100.02 99.76 98-76 99.24 	100.16 99.68 100.18 100.36 100.11 99.88 100.04 100.16 99.47 99.92 
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TABLE B.? 	Sphalerite Analyses 	- 	Massive Volcanoger.ic Sulfide Deposits. 
Deposit TV'JELLET 
Sa=le 78.FM.7(04) 
Sphalerite 3 425E 426E 4272 428E 429E 	430E 431E 	4325 433E 434E 
S 33.26 33.46 33.2e 33.32 33.30 33.34 	33.08 34.10 	33.45 33.25 33.26 
Pb 0.12 ND ND ND ND ND 	ND ND 	ND ND ND 
Fe 8.58 8.02 9.34 9.30 8.46 7.18 	7.61 9.25 	7.84 9.00 6.66 
Zn 55.41 59.04 56.36 58.11 58.61 60.21 	58.92 57.64 	59.38 58.08 57.96 
Cu 0.04 0.02 rid rid rid rid 	rid rid 	rid rid rid 
Ni 0.00 rid rid rid rid ria 	rid rid 	rid rid rid 
Ag 0.00 ND ND ND ND ND 	ND ND 	ND ND ND 
Cd 0.33 ND ND ND ND ND 	ND ND 	ND ND ND 
Co 0.04 0.11 rid rid rid rid 	rid rid 	rid 0.17 rid 
Mn ND rid rid rid rid rid 	rid rid 	rid rid rid 
As ND rid rid rid rid rid 	rid rid 	rid rid rid 
Total 98.10 100.63 101.00 100.73 100.37 100.74 	99.61 	100.96 	100.67 100.50 99.98 
Deposit L0 
Sample 78.FM.6(G5) 78.LM.1(G6) 78.LM.2(07) 
Sphalerite ' 	5 6 435E 436E 4375 8 	9 10 11 12 
S 33.94 33.93 33.41 33.10 32.91 33.74 	33.68 33.69 33.67 	34.03 
Pb 0.15 0.19 ND ND ND 0.13 	0.19 0.14 0.12 0.09 
Fe 5.03 4.93 5.60 4.80 5.05 2.36 	2.28 3.15 3.53 3.28 
Zn 59.09 59.53 61.40 62.05 62.16 63.13 	62.27 64.36 63.30 	63.67 
Cu 0.04 0.02 rid rid rid 0.05 	0.05 0.14 0.21 0.12 
Ni 	, 0.01 0.00 rid rid rid 0.02 	0.00 0.01 0.01 0.02 
Ag 0.06 0.00 ND ND ND 0.00 	0.00 0.00 0.00 0.00 
Cd 0.22 0.26 ND ND ND 0.18 	0.23 0.36 0.29 0.21 
Co 0.02 0.05 rid rid rid 0.04 	0.02 0.02 0.00 0.02 
Mn ND ND rid rid rid- ND 	ND 0.00 0.00 0.00 
As ND ND nd rid rid ND 	ND ND ND ND 
Total 98.56 98.90 100.41 99.96 	100.12 99.64 	96.71 101.86 	101.14 	101.45 
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TAIZ 3.7 	(continued) 	Sphalerite Analyses 	- Massive Vcicanoenic Sulfide Deposits 
Deposit 1ZLIMMILL 
Sample 78.  LM.  3(C.8) 78.131.5(010) 	78.10.8(G15) 
13 14 15 22 25 26 27 375E 376E 377E  378Z 
S 33.57 33.44 33.61 32.69 33.53 33.59 33.58 33.13 32.96 33.10 33.19 
Pb 0.13 0.16 0.12 0.14 0.25 0.13 0.22 ND ND ND ND 
Fe 2.49 3.76 3.40 3.62 8 .38 8.15 7.94 7.92 7.86 8.16 7.92 
Zn 64.22 62.84 64.18 61.32 55.54 56.11 56.04 59.46 58.61 58.10 59.09 
Cu 0.01 0.53 0.18 0.48 0.06 0.04 0.07 rid rid 0.22 0.23 
Ni 0.02 0.02 0.00 0.01 0.00 0.00 0.01 rid ad rid rid 
Ag 0.00 0.00 0.04 0.00 0.03 0.07 0.05 MD ND ND MD 
Cd 0.09 0.08 0.21 0.30 0.31 0.26 0.38 ND ND ND ND 
Co 0.00 0.00 0.01 0.01 0.00 0.00 0.00 ad ad rid 0.16 
Mn 0.00 0.00 0.00 0.01 0.16 0.19 0.17 0.17 0.20 0.15 0.25 
As ND ND ND 0.00 0.00 0.00 0.00 rid rid r.d rid 
Total 100.53 100.54 101.76 98.59 98.25 96.53 96.46 100.68 99.68 99.72 100.53 
Deposit 
Sample 78.IQ1.5(C14) 
379E 3803 382E 3833 364E 28 29 385E 386E 387E 3883 
S 33.20 33.77 33.51 33.34 33.27 33.49 33.31 33.37 33.35 33.41 33.19 
Pb MD ND ND ND MD 0.26 0.15 MD ND ND MD 
Fe 7.95 7.82 7.87 8.04 7.68 8.52 8.36 5.05 8.11 5.89 7.94 
Zn 58.98 59.08 56.91 58.41 59.12 55.43 56.73 58.39 59.00 57.62 59.10 
Cu 0.29 rid ad ad rid 0.14 0.03 ad ad rid ad 
Ni nd ad rid ad rid 0.00 0.00 ad rid ad ad 
Ag ND ND ND ND ND 0.08 0.08 MD ND ND MD 
Cd ND ND ND ND MD 0.23 0.29 ND MD MD ND 
Co rid rid ad 0.13 rid 0.00 0.01 0.13 ad rid ad 
Mn 0.22 ad 0.24 0.21 rid 0.11 0.13 0.12 0.12 0.14 ad 
As ad rid rid rid ad 0.00 0.00 nU rid rid ad 
Total 100.64 100.66 100.53 100.14 100.07 98.25 99.09 100.06 100.59 100.06 100.23 
338 
TABLE 2.7 	(contimed) Splerite Analyses - Massive Vo1caoeic Sulfide Deposits 
Deposit 
Sample 78..4(C1 3) 
SPEA.IITE 389E 3902 3912 3922 3952 31 	33 3952 3962 3972 396E 3992 
5 33.34 33.20 33.57 32.58 33.32 33.56 	34.39 33.34 33.43 33.32 33.49 33.29 
Pb ND ND ND ND ND 0.24 	0.16 ND lTD NI) ND ND 
Fe 8.95 7.51 7.96 8.33 8.02 6.00 	7.72 8.04 8.14 8.07 7.79 8.05 
57.76 59.77 58.76 58.72 58.89 56.7 1 	59.09 59.52 58.92 58.58 59.05 59.15 
Cu 0.05 	0.07 nd 0.21 0.62 ad th 
Ni nd th nd th ad 0.00 	0.00 od ad 
Ag ND ND ND ND ND 0.13 	0.08 ND ND ND ND lID 
Cd lID ND ND ND ND 0.25 	0.21 ND ND ND ND ND 
Co 0.11 0.11 nd nd od 0.01 	0.01 nd 
0.20 0.20 016 0.12 nd 0.11 	0.09 0.13 0.12 nd 0.18 0.16 
As th nd rid rid rid 0.00 	0.00 rid rid rid rid rid 
Total 	100.37 100.79 100.45 99.75 100.23 	99.06 101-85  101.02 100.82 100.58 100.51 100.65 
Deposit 
Sample 	 76.L2(C12) 
SPEA1TIT 	4002 	401E 	4022 	4032 4042 	20 	21 	051; 4062 	4072 	408E 4092 
S 33.20 33.59 33.41 33.37 33.22 32.81 33.04 33.10 33.49 33. 1 7 33.05 33.26 
Pb ND ND ND ND ND 0.12 0.17 ND ND ND ND ND 
Fe 7.76 7.88 8.09 7.92 8.14 8.78 7.22 8.05 8.18 8.14 7.97 8.21 
Zn 59.25 59.40 59.18 59.55 59.56 56.00 57.34 58.13 59.08 59.08 56.45 58.74 
Cu rid rid rid rid rid 0.28 0.06 rid rid rid 
Hi rid rid rid rid rid 0.01 0.02 rid rid rid rid rid 
Ag ND ND ND ND ND 0.00 0.00 ND ND ND ND ND 
Cd ND ND ND ND ND 0.00 0.07 ND ND lID ND 112 
Co 0.17 rid rid rid rid 0.01 0.02 rid rid 0.12 rid rid 
Mo 0.15 rid rid 0.14 rid 0.14 0.11 0.18 0.34 0.18 0.34 0.25 
As rid rid rid rid rid ND ND rid rid rid rid rid 
Total 100.54 100.87 100.69 100.97 100.92 98.16 98.04 99.47 101.10 100.69 99.82 100.46 
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TABLE 3.7 	(contied) 	Sphalerite A.lyses - Massive Volca.riogeriic Sulfide Deposits 
Deposit 
Sample 	 78.D1.1(G11) 
SPK&LI 	4103 4113 	4123 	413E 	4143 	19 	4153 	4163 	4173 	4183 	4193 	4203 
S 33.20 33.10 33.44 33.23 33.34 33.23 33.34 33.40 33.02 33.24 33.24 33.29 
Pb ND ND ND 1W ND 0.11 ND ND ND ND 1W ND 
Pe 6.03 6.17 8.15 6.09 8.18 6.57 6.74 6.66 7.32 6.59 7.42 8.05 
Zri 58.10 56.82 58.55 58.63 59.07 58.42 60.60 60.52 59.65 60.53 59.91 56.43 
Cu rid rid rid rid rid 0.03 0.19 rid rid rid rid 0.22 
Ni rid rid rid rid rid 0.00 rid rid rid rid rid rid 
Ag ND ND ND ND 1W 0.02 ND 1W 1W ND ND ND 
Cd 1W ND ND 1W ND 0.12 ND 1W ND ND 1W ND 
Co rid 0.12 rid 0.14 rid 0.01 nd rid rid 0.15 nd 0.13 
Ma 0.17 0.26 0.21 0.24 0.25 0.12 rid rid rid 0.12 0.20 rid 
As rid rid rid rid rid 1W rid rid rid rid rid rid 
Total 	99.51 100.47 100.34 100.32 100.83 	96.62 100.88 100.57 100.20 100.63 100.77 100.17 
Deposit ROSTVANGEN  
Sample 78.1W.10(C16) 
SPE6LERITE 4213 4223 4233 4243 35 36 353E 3542 3553 356E 3573 358E 
5 33.33 33.09 33.22 33.55 33.15 33.61 33.25 33.29 33.39 333.37 33.60 33.39 
Pb ND ND ND 1W 0.12 - 0.10 1W 1W ND 10 1W 10 
Pe 7.78 6.67 6.12 8.38 6.65 8.92 8.03 7.70 8.10 6.01 8.11 8.17 
Zri 59.08 60.03  58.95 58.48 59.62 57.50 59.12 58.66 57.81 59.49 59. 1 8 58.81 
Cu rid 0.32 0.19 0.23 0.07 0.56 rid rid rid rid nd rid 
Ni rid rid rid rid 0.01 0.01 0.12 rid rid rid nd 
Ag 1W ND ND ND 0.00 0.01 ND 1W ED 1W ND ND 
Cd ED ND ND 1W 0.17 0.19 ND 	, ED ND ND ED liD 
Co rid 0.16 rid rid 0.00 0.04 '0.15 rid rid Md rid 0.12 
Mn rid 0.16 0.17 rid 0.03 0.00 rid rid rid 0.15 rid rid 
As rid rid rid rid ND ND rid rid rid rid rid rid 
Total 100.19 100.42 100.65 100.64 99.82 100.96 100.67 99.65 99.30 101.02 100.89 100.49 
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24313 3.7 	(continued) 	 Spaette EADVBeS 	- 	Massive Vo1canoenjc Sulfide Deposits 
Deposit 
Sa.ple 
!?ELI.ITE 359! 360! 3622 3643 493! 4942 4953 4962 4973 4982 4993 5003 5013 502! 509! 
3 33.59 33.51 33.43 33.42 32.80 32.73 32.72 32.77 32.85 32.92 32.65 32.64 32.72 32.90 32.81 
Pb ND ND ND ND ND ND ND ND ND ED ND ND ND ND ND 
e 7.73 7.42 8.26 7.87 8.43 7.44 7.45 7.65 7.57 7.96 7.88 7.70 7.99 7.85 7.84 
Zn 59.34 59.91 58.27 59.43 59.26 60.04 59.25 59.04 59.82 55.36 59.46 55.88 55.80 59.15 59.49 
Co Ed - Ed 0.27 Ed od 0.19 Ed 0.86 Ed Ed 0.17 Ed 0.17 Ed 0.17 
Ni Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed nd Ed Ed Ed 
ND ND 1W ND ND - ND ND ND ND ND ND RD ND ND ND 
Ci 112 ND ND Ed 112 ND ND ND ND ND ND ND ND ND ND 
Co 0.12 Ed ni Ed Ed Ed nd Ed 0.26 Ed Ed Ed 0.24 Ed Ed 
mn Ed Ed Ed Ed Ed Ed Ed 0.15 Ed 0.16 Ed Ed Ed Ed Ed 
As Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed 
Tonal 100.66 100.8.4 100.23 100.73 100.49 100.40 99.42 100.47 100.51 99.39 100.17 99.23 99.92 99.99 100.32 
Deposit 
Sample 77.112.1(71) 
SPEI.12B123 59 40 41 3663 3673 3682 369! 3703 3713 3723 3733 374! 4723 4733 4743 
5 33.97 33.67 33.86 32.82 35.22 33.24 33.00 33.21 33.03 33.15 33.16 33.23 32.66 32.63 32.77 
Pb 0.10 0.10 0.09 ND ND ND ND ND ND 112 ND ND ND ND ND 
Pc 7.33 6.49 6.72 7.17 6.66 7.58 7.45 7.80 7.14 6.99 6.60 7.95 6.87 5.26 8.57 
Zn 60.25 60.57 60.75 59.62 59.78 59.00 60.04 58.78 60.25 60.62 60.75 59.14 60.53 59.82 56.58 
cu 0.06 0.09 0.07 Ed Ed Ed Ed Ed Ed Ed Ed 0.25 Ed Ed Ed 
Ni 0.01 0.03 0.00 Ed 0.12 Ed Ed Ed Ed Ed Ed Ed. Ed Ed Ed 
Ag 0.00 0.04 0.00 ND ND 212 212 ND ND 112 ND 112 ND ND ND 
Ci 0.21 0.24 0.28 ND ND ND 112 ND ND 112 ND ND 112 ND 212 
Co 0.02 0.04 0.02 Ed Ed Ed 0.11 Ed Ed 	. Ed Ed 0.13 Ed Ed Ed 
Mn 0.01 0.01 0.01 Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed Ed 
As ND 112 ND Ed Ed Ed Ed Ed. Ed Ed Ed Ed Ed Ed Ed 
Total 101 -95 101.26 101-79 99.61 99.77 99.83 100.60 99.79 100.42 100.77 100.51 100.74 100.08 100.71 99.92 
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TABU ! .7 	(conixmed) 	Sha.erite Assayses 	- 	Massive Va1c5Dxjc Sulfide Deposits 
Deposit 
Sample 
SP!&tE12! 475E 476! 477! 4752 4792 4302 4812 48E 433! 4542 4852 4862 487! 488! 489! 
5 32.46 32.59 32.45 33.07 32.61 32.86 32.62 32.82 32.73 32.83 32.76 32.66 32.80 32.69 32.30 
Pb 1W 3W 1W 1W 3W 1W 2W 1W 1W 1W 2W 1W 1W 1W 2W 
Fe 7.59 7.57 6.92 7.50 6.75 6.56 6.14 6.98 9.17 8.32 6.94 6.60 9.29 5.90 6.06 
Za 59.61 56.72  60.57 59.73 61.01 61.23 61.77 59.74 57.20 59.59 60.63 60.19 57.71 62.35 60.16 
Cu 06 06 04 0.29 0.1e nd 04 04 04 04 06 0.18 0.31 06 0.21 
Ni 06 04 04 04 06 04 04 06 06 06 04 04 04 04 04 
Ag 1W 2W SD IC) 1W 2W 3W 1W SD 1W 1W ND 1W ND 2W 
CE 3W 10 3W 3W . 	 3W SD ND ND SD ND ND SD ND ND ND 
Co 0.14 n6 04 04 04 04 04 04 06 0.13 04 0.12 04 04 04 
mc ad ad 04 04 04 04 04 ad 0.26 ad ad 06 ad ad ad 
As ad 06 ad cd ad ad 04 ad ad 06 06 ad ad ad 06 
Total 99.81 99.15 99.95 100.58 100.59 100.64 100.53 99.53 99.26 100.67 100.35 99.76 100.11 100.94 100.22 
Deposit 
Sample 
S1W21W 	4902 49 1 2 	491W 	5102 	311! 	512! 	513! 	5142 515! 3162 	5172 5182 519! 	5202 5212 
2 32.66 32.75 32.81 32.71 32.94 33.07 32.97 32.37 32.55 32.66 32.56 32.75 32.62 32.37 32.59 
Pb SD 2W SD ND 3W ND 2W ND SI) IC) ND ND ND ND 1W 
Fe 6.18 7.46 5.75 6.27 6.46 7.66 7.51 7.57 5.90 6.33 7.53 7.16 6.88 7.95 7.35 
Zo 61.20 59.62 57.62 55.90 61.31 59.96 59.65 59.62 61.35 60.35 55.55 59.65 60.72 59.3e 60.17 
Cu ad 0.23 04 0.21 ad 06 0.62 0.40 ad ad 0.17 ad 0.19 06 0.19 
Si 06 06 04 ad ad ad ad ad ad 06 ad 06 ad ad ad 
Ag ND ND 2W . 	 22!) IC) 1W IC) ND ND 1W ND 0 0 ND 1W 
Cd SD 1W 1W 1W IC) 12!) 1W N!) 1W ND ND 1W ND ND 2W 
Co ad ad ad ad ad ad ad 0.14 ad ad 04 0.13 ad ad ad 
un ad nd ad ad ad ad ad ad ad ad ad ad 04 ad ad 
As ad ad ad ad 06 ad ad ad ad ad ad ad ad ad ad 
Total 	100.25 100.09 99.16 100.10 100.73 100.69 100.75 100.90 99.83 99.34 99.51 99.70 100.41 99.90 100.30 
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!4313 3.7 	(continued) 	SPS&1.23!Z ABAII= 	 Ma..zjv. Veic gn_ic Sulfide D.poiti 
Deposit 
Sapl. 	 78.23.15(018) 
5iL1' 	5223 	5233 5243 	46 	47 	48 	3453 	3463 	3473 	NUM 	5493 - 350! 	3512 	3523 
S 32.70 32.62 32.83 32.29 33.66 33.50 33.79 32.96 33.18 33.10 33.28 33.26 33.20 33.10 
Pb ND ND ND 0.11 0.08 0.06 ND ND ND ND ND ND ND ND 
7, 9.13 7.75 7.70 7.76 7.27 7.79 7.44 7.83 7.07 7.39 7.99 7.66 7.94 8.43 
zn 58.33 59.12 59.47 59.46 59.89 58.86 58.93 59.41 59.84 59.15 59.15 59.50 59.22 55.59 
Cu u4 nd 0.20 0.38 0.21 0.42 0.52 u4 0.27 0.55 0.18 0.28 
Ni nd ad nd 0.00 0.00 0.00 nd td u4 md zd Id ad M 
€ ND ND 23 0.00 0.02 0.00 ND 23 10 10 23 23 23 23 
04 23 23 10 0.25 0.23 0.28 10 ND ND ND ND ND 23 ND 
Co od md u4 0.04 0.03 0.03 0.14 0.14 0.14 0.14 0.13 
4 0.02 0.02 0.01 M 
La Cd nd =1 ND ND ND 0.36 u 
100.16 99.49 100.20 101.32 101.41 100.96 100.95 100.34 100.50 100.33 100.73 101.00 100.37 100.12 
Deposit 
Sapl.s 784M. 14(017) 78.323.1(019) 
S0&I23 49 50 5033 5043 5053 5063 507! 5063 42  43 44 45 3383 7393 
S 33.48 33.26 32.70 32.82 32.33 32.56 32.59 52.26 33.35 33.61 33.40 33.36 33.29 35.35 
Pb 0.10 0.10 23 10 20 23 23 ND 0.09 0.07 0.10 0.08 23 23 
2'. 6.39 6.46 6.53 8.11 7.45 8.04 7.22 7.59 9.54 9.20 7.14 7.36 7.23 7.08 
zu 59.66 59.84 60.01 58.10 58.62 58.30 58.36 58.35 56.65 57.53 59.94 39.33 59.78 59.70 
Cu 0.21 0.12 0.17 0.31 0.67 0.88 0.78 0.64 0.10 0.06 0.05 0.05 ud Ud 
Nj 0.00 0.00 nd ad ad nd ud Zd 0.00 0.00 0.00 0.02 
AC 0.00 0.00 23 10 23 20 23 20 0.00 0.00 0.00 0.00 23 23 
04 0.21 0.25 23 23 23 ND ND 23 0.54 0.31 0.32 0.27 23 23 
Co 0.03 0.01 nd 0.16 nd 0.13 nd nd 0.02 0.01 0.02 0.02 ad nd 
Mo 0.25 0.26 0.27 0.15 0.24 0.21 0.18 Cd 0.22 0.19 0.16 0.11 0.20 u4 
As ND ND nd nd zd nd md od ND ND 23 23 
100.34 100.29 99.67 99.65 99.72  100.13 99.12 99.84 100.52 100.99 100.72 100.79 100.50 100.14 
343 
T431! B.7 	(c.uued) 	EpS&1ert. Analyses 	. 	Massive Vo.canogen.ic Sulfide Deposits 
Deposit 
78.XVD.7(G22) 
SP!L.L!P.ITZ 340! WE 342! 343! 344! 51 53 306! 3071 309! 311! 312! 313! 314! 
S 33.34 33.34 32.89 33.35 35.02 33.59 33.50 33.60 33.37 33.37 33.26 33.41 33.21 33.33 
Pb ND ND ND ND ND 0.18 0.11 ND ND ND ND ND ND ND 
P. 7.31 6.97 7.36 6.96 7.84 7.47 7.76 7.30 7.95 7.86 6.56 6.65 7.64 7.31 
zn 56.80 59.29 60.18 59.11 58.57 59.98 59.51 59.80 58.80 59.08 60.98 60.63 55.25 59.50 
Cu 0.17 Ed 0.21 Ed 0.24 0.02 0.00 Ed Ed Ed Ed Ed 0.17 ti 
Ni Ed Ed Ed nd Ed 0.02 0.02 Ed Ed Ed Ed Ed 0.14 Ed 
Ag ND ND ND ND ED 0.00 0.00 ND ND ND ND ED ND ND 
Cd ND ED ND ND ND 0.33 0.35 ND ND ND ND ND ND ND 
Co Ed od Ed rid 0.14 0.01 0.00 Ed Ed Ed Ed rid Ed Ed 
un 0.26 0.14 0.21 0.20 0.29 0.04 0.06 rid rid rid Ed rid 0.11 0.12 
As Ed Ed Ed Ed Ed 9W 1W Ed Ed Ed rid Ed Ed rid 
Total 99.89 99.73 100.94 99.62 	100.11 101 -63 	101 -3 1 	100.70 	100.02 100.32 100.80 100.70 100.52 100.36 
Deposit 
Sariple 78.!VD.6(G21) 
5PAL'FT"r 315! 316! 517! 318! 319! 54 55 56 320! 321! 322! 323! 324! 325! 
8. 35.52 35.51 33.40 33.26 33.27 33.3 35.45 33.50 33.25 33.49 33.39 53.43 33.22 33.18 
Pb 2W ND 2W ND ND 0.20 0.15 0.15 ED ND ND 9W 10 ED 
P. 8.17 8.31 7.30 7.55 8.10 7.15 7.37 7.35 7.55 7.22 7.86 7.61 7.59 7.72 
Sri 58.50 57.95 59.99 59.96 59.14 59.82 59.84 59.83 58.46 59.63 59.30 59.17 59.09 59.17 
Cu rid 0.16 Ed rid Ed 0.04 0.05 0.03 rid Ed rid rid Ed Ed 
Ni Ed rid rid rid Ed 0.01 0.00 0.03 rid rid Ed rid rid Ed 
Ag ND ND ND ND ND 0.00 0.00 0.00 ND ND 9W ND ND ND 
Cd ND ND ND ND ND 0.27 0.21 0.20 ND ND ND NI) ND 9W 
Co 0.15 rid rid Ed rid 0.00 0.00 0.00 Ed 0.15 0.11 rid Ed Ed 
jam 0.14 0.18 rid 0.13 rid 0.13 0.11 0.13 0.21 0.21 0.16 0.15 0.22 0.22 
As rid Ed rid rid rid 9W NI) ND Ed rid rid Ed Ed rid 
Total 1 00-48 1 00- 11  100.69 100.70 100.61 100.95 101.19 101.22 99.44 100.69 100.82 1 0037 99.92 100.29 
3". 
TABLE 3.7 	(continued) 	Sphalerite Analyses 	- 	Massive Volcanogenic Sulfide Deposits 
Deposit 
Sample 	 78.KVD.2(020) 
SPRALENI 	326E 3273 	3283 	57 	58 	59 	3293 
S 33.26 33.44 33.46 33.78 33.59 33.15 33.28 
Pb ND ND ND 0.16 0.18 0.14 NTI) 
Fe 7.50 7.58 7.73 8.62 7.59 7.79 7.23 
Zn 58.65 59.67 59.01 58.48 59.50 58.54 60.09 
Cu rid rid rid 0.02 0.04 0.01 rid 
Ni rid rid rid 0.02 0.00 0.01 rid 
Ag ND ND ND 0.00 0.00 0.00 ND 
Cd ND ND ND 0.28 0.24 0.27 ND 
Co rid rid rid 0.00 0.00 0.00 rid 
Mn rid 0.27 0.15 0.24 0.19 0.21 0.20 
As rid rid rid ND ND ND nd 
Total 99.40 100.96 100.36 101.60 101.33 100.13 100.60 
Deposit 
Sample 
SPBALERITE 3303 331E 332E 3333 334E 3353 336E 337E 
S 33.24 33.41 33.30 33.30 33.26 33.38 33.21 33.27 
Pb ND ND ND ND ND ND ND ND 
Fe 7.56 7.16 6.39 8.15 7.68 8.46 7.73 8.05 
Zn 59.61 60.24 57.83 58.07 58.70 58.14 58.69 58.18 
Cu rid rid 0.18 rid rid rid rid 0.29 
Ni nd rid rid rid rid rid rid rid 
Ag ND ND ND ND ND ND ND ND 
Cd ND ND ND ND ND ND ND ND 
Co rid 0.12 rid rid rid 0.15 0.11 rid 
Mn 0.26 0.27 0.29 0.25 0.32 0.15 0.34 
As rid rid rid rid rid rid ad rid 
Total 100.66 100.93 99.98 99.82 99.89 100.45 99.90 100.12 
345 






472RI 4773.3 4783.3 479ND 48033 48133 
5 32.55 32.65 33.04 32.89 32.61 32.31 
Pb ND ND ND ND ND ND 
Fe 7.51 7.17 9.02 7.23 7.65 7.36 
Zn 59.29 60.53 58.03 60.44 59.71 59.45 
CL nd nU nd nd nd nd 
Ni nd od rid rid rid rid 
Ag ND ND ND ND ND ND 
Cd ND ND ND ND ND ND 
Co nd rid 0.15 0.22 0.17 rid 
Mn rid rid rid rid nd rid 
As rid rid rid rid rid rid 
Total 99.35 100.35 100.24 100.78 100.14 99.12- 
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TABLE 8.8 	Arsenopyrite Analyses - Massive Volcanogeriie Sulfide Deposits 
Deposit 	1LLINGDAL 
Sample 	78..5(G14) 	 78.1cL4(013) 
1 	2 	3 	4 	. 5 
S 22.14 22.24 22.05 21.33 22.04 
Pb 0.14 0.12 0.12 0.11 0.13 
Fe 35.57 35.73 36.20 35.68 35.70 
Zn 0.00 0.02 0.02 0.06 0.06 
Cu 0.04 0.08 0.05 0.09 0.14 
Ni 0.03 0.01 0.00 0.00 0.03 
Ag 0.00 0.00 0.02 0.00 0.04 
CU 0.06 0.02 0.05 0.00 0.00 
Co 0.14 0.10 0.09 0.07 0.14 
Mn 0.01 0.00 0.00 0.01 0.00 
As 41.57 41.59 41.81 42.66 41.63 
Total 99.69 99.91 100.42 100.01 99.91 







10 	11 12 
S 12.94 12.97 13.02 12.96 
Pb 86.76 84.68 85.27 85.72 
Fe 0.35 0.77 1.96 1.36 
Zn 0.00 0.00 0.00 0.00 
Cu 0.10 0.10 0.13 0.10 
Ni 0.00 0.00 0.00 0.00 
Ag 0.55 0.33 0.33 0.28 
CU 0.02 6.02 0.00 0.07 
Co 0.00 0.02 0.00 0.00 
Mn 0.01 0.03 0.02 0.02 
As 0.13 0.14 0.11 0.11 
Total 98.86 99.06 100.84 100.63 
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TABLE 3.10 	Olivine Analyses - Ultraaa.fics 
Intrusion KALT8GET 
Sample 	76/4/45 
OLIVINE 	10 	11 	12 	13 	14 	128E 	1291 	1301 	1351 	1371 
Si02 39.05 40.13 39.33 39.68 39.42 39.87 39.83 40.20 39.85 40.55 
Ti02 0.00 0.00 0.00 3.00 0.00 ad ad nd ad ad 
23 0.00 0.00 0.00 0.00 0.00 ad ad ad ad ad 
Cr203 0.04 0.00 0.06 0.01 0.01 ND ND ND ND ND 
PeO 18.41 14.36 18.56 17.24 17.47 16.75 7.24 14.06 13.69 13.51 
140 41.95 45.36 42.03 42.31 42.80 43.50 43.92 45.29 45.13 47.03 
CaO 0.01 0.00 0.00 0.47 0.01 ad ad 0.11 0.37 ad 
MaO 0.23 0.16 0.24 0.24 0.22 0.26 0.22 0.22 0.21 3.12 
NO 0.31 0.20 0.18 0.21 0.18 ad 0.16 0.29 ad 0.29 
coo 0.07 0.04 0.06 0.08 0.08 ND ND ND ND ND 
Na2 O ND ND ND ND ND 0 ND ND ND ND 
K20 ND ND ND ND ND ND ND ND ND ND 
Total 100.07 100.26 100.46 100.26 100.19 100.38 101.36 100.18 99.24 101.49 
Fo 	80 	85 	80 	81 	81 	82 	51 	85 	85 	86 
Intrusion }ETTEN 
Sample 	76.336e 	 77.64 
OLIVINE 	7 	8 	9 	511 	541 	561 	72E -- 84E 	1 	2 	3 	1521 
Si02 40.40 40.02 40.21 39.71 39.58 40.40 41.53 41.53 40.19 40.01 40.30 39.78 
Ti02 0.00 0.00 0.00 ad nd ad ad 0.11 0.00 0.00 0.00 ad 
A1203 0.00 0.00 0.00 nd ad ad ad ad 0.01 0.00 0.00 ad 
Cr2 03 0.02 0.00 0.01 ND ND ND ND ND 0.01 0.00 0.04 ND 
FeO 11.50 12.39 12.57 12.08 13.03 13.18 10.99 10.23 13.04 12.70 11.67 13.38 
MgO 46.96 46.57 46.02 47.55 46.55 46.87 48.79  48.35 45.45 46.33 46.62 46.17 
CaO 0.02 0.01 0.20 0.08 ad ad ad 0.21 0.02 0.05 0.33 ad 
MnO 0.33 0.27 0.24 0.25 0.25 0.23 0.39 0.40 0.33 0.28 0.33 0.38 
NiO 0.07 0.06 0.08 nd ad ad ad ad 0.04 0.03 0.08 ad 
coo 0.04 0.05 0.03 ND ND ND ND ND 0.03 0.01 0.03 ND 
Na20 ND ND ND ND ND ND ND ND ND ND ND ND 
1(20 ND ND ND ND ND ND ND ND ND ND ND ND 
Total 99-35 99-38 99.37 99.67 99.41 100.69 101.69 1 00-87 99.13 99.41 99.39 99.72 
Fo 	88 	87 	87 	88 	87 	86 	88 	89 	86 	67 	88 	85 
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TABLE B.10 	(continued) 	Olivine Analyses - Ultramafics 
Intrusion 
Sample 	77.64 (continued) 	 77.66 
OLTVIVE 	1 53E 	1555 	1565 	157E 	4 	5 	6 	1655 	1585 	1595 
Si02 40.05 40.74 40.30 40.09 40.21 40.16 40.22 39.56 39.97 39.69 
Ti02 rid rid rid rid 0.00 0.00 0.00 rid rid rid 
rid rid rid rid 0.00 0.00 0.00 rid rid rid 
Cr2 03 ND ND ND ND 0.04 0.01 0.00 ND ND ND 
FeO 14.26 14.18 13.69 13.94 12.41 12.59 11.44 12.99 12.89 13.03 
MgO 33.89 45.05 44.77 46.23 46.38 46.31 47.00 45.77 44.94 44.69 
CaO 0.15 0.33 0.81 rid 0.12 0.02 0.02 rid rid 0.21 
MnO 0.34 0.39 0.23 0.29 0.27 0.22 0.26 0.22 0.25 0.40 
NiO rid rid rid rid 0.06 0.21 0.08 rid 0.27 0.24 
coo ND ND ND ND 0.04 0.03 0.04 ND ND ND 
Na20 ND ND ND ND ND ND ND ND ND ND 
52 0 ND ND ND ND ND ND ND ND ND ND 
Total 99.69 100.69 99.80 100-55 99-54 99.56 99.08 98.54 98.33 98.26 
Fo 	84 	84 	84 	85 	87 	87 	88 	86 	86 	85 
Intrusion 
Sample 	77.68 
OLIVINE 	1675 	1695 	1715 	1735 	1755 	1775 	1795 	1825 
Si02 40.96 40.36 .40.70 40.70 40.63 40.52 41.12 40.79 
Ti02 rid rid rid rid rid rid rid rid 
rid rid rid nd rid rid rid rid 
Cr203 ND. ND ND ND ND ND ND ND 
FeO 11.28 13.27 11.59 11.49 12.09 12.07 10.92  13.13 
MgO 47.68 46.53 47.13 47.49 46.90 47.96 48.01 46.98 
- 	 CeO 0.13 rid 0.24 0.10 0.13 0.12 0.21 rid 
MnO 0.47 0.44 0.42 0.60 0.49 0.41 0.63 0.31 
NiO rid rid rid rid rid rid rid rid 
coo ND ND ND ND ND ND ND ND 
5a2 0 ND ND ND ND ND ND ND ND 
ND ND ND ND ND ND ND ND 
Total 100.51 100.60 100.09 100.38 100.24 101.09 100.89 101.23 
To 88 86 87 87 87 87 88 86 
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5A5I 5.11 Olivine Aw l yses - 4etagabros 
	
intrusion 7L 	 - 
Sample 	77.94 	 77.91 	77.1(ji) 
0LIVflE 	15 	16 	17 	1395 	14 	1415 	1425 	1435 	144E 	21 	25 	26 	27 
sic 37.54 	36.78 	37.23 	38.12 	37.66 	37.79 	37.31 	37.56 	37.79 	36.94 	36.61 38.13 37.77 
Tic 	0.06 	0.05 	0.03 	nd 	rLd 	nd 	0.11 	nd 	nd 	0.00 	0.00 0.00 0.00 
23 	0.01 	0.00 	0.00 	n6 	nd 	nd 	nd 	nd 	nd 	0.03 	0.00 0.00 0.01 
Cr2 03 0.03 	0.02 	0.03 	ND 	ND 	ND 	ND 	ND 	ND 	0.00 	0.00 0.00 0.00 
FeO 	26.54 	31.25 	29.86 	26.60 	30.65 	30.72 	30.11 	29.64 	29.05 	26.19 	16.61 15.09 17.04 
MgC 	34.08 	31.88 	32.91 	34.60 	32.79 	32.86 	33.65 	33.60 	33.50 	36.01 	4.15 45.11 45.97 
CaO 	0.06 	0.08 	0.06 	nd 	nd 	n8 	nd 	0.14 	0.11 	0.09 	0.03 0.04 0.03 
hho 	0.41 	0.45 	0.46 	0.50 	0.52 	0.44 	0.47 	0.46 	0.43 	0.36 	0.21 	0.18 0.21 
NiO 	0.19 	0.19 	0.17 	0.18 	n4 	nd 	nd 	0.15 	nd 	0.21 	0.05 	0.04 0.06 
Coo 	0.14 	0.12 	0.14 	1W 	ND 	ND 	ND 	ND 	ND 	0.06 	0.01 	0.00- 0.02 
Na2 0 	1W 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 
520 	1W 	RD 	1W 	1W 	ND 	ND 	ND 	1W 	1W 	ND 	ND 	1W 	1W 
Total 	100.88 100.64 100.88 101.99 101.64 101.82 101.65 101.75 100.88 	99.89 	99.66 98.59 99.11 
Po 	66 	64 	66 	68 	65 	65 	66 	66 	67 	71 	82 	84 	82 
Intrusion SKJZ1WALEN 	 - 
Sample 	77.299 	 78.67 	 77.300b 
0LIVD 	18 	19 	20 	1455 	1475 	2065 	2075 	22 	23 	24 	1845 	1865 	1885 
sic 38.25 	38.44 	38.63 	38.28 	36.48 	38.74 39.9 	37.55 	37.89 	37.97 	38.54 39.53 	38.71 
Tic 	0.01 	0.00 	0.00 	nd 	Ud 	nd 	rid 	0.00 00.00 	0.00. 	rid 	rid 	rid 
203 	0.00 	0.00 	0.00 	nd 	rid 	rid 	rid 	0.00 	0.00 	0.00 	rid 	rid 	Md 
203 	0.03 	0.02 	0.01 	1W 	ND 	ND 	ND 	0.00 	0.00 	0.00 	ND 	ND ND 
PeO 	25.52 	22.88 	22.73 	23.39 	23.46 	23.69 15.25 	22.79 	23.20 	22.40 	23.81 	19.85 22.55 
MgO 	37.90 	38.72 	38.75 	38.78 	38.98 	57.94 43.65 	38.67 	38.61 	39.37 	38.54 	41.71 	36.97 
CaO 	0.01 	0.02 	0.00 	rid 	rid 	0.09 	rid 	0.00 	0.02 	0.03 	rid 	rid 	rid 
0.28 	0.29 	0.25 	0.33 	0.27 	0.26 	rid 	0.30 	0.31 	0.31 	0.38 	0.32 	0.33 
NiO 	0.15 	0.16 	0.13 	rid. 	0.17 	rid 	0.17 	0.11 	0.11 	0.14 	rid 	xid 	rid 
coo 	0.10 	0.10 	0.10 	ND 	ND 	ND 	1W 	0.07 	0.05 	0.05 	ND 	ND 	ND 
Na 20 	1W 	1W 	1W 	ND 	ND 	ND 	ND 	ND 	1W 	1W 	ND 	1W 	ND 
520 	ND 	ND 	ND 	lID 	ND 	lID 	ND 	ND 	ND 	ND 	ND 	lID 	ND 
Total 	100.24 103.62 100.60 100.78 101.36 100.72 99.01 	99.52 100.20 100.27 	101.26 101.41 100.56 
P0 	74 	75 	75 	74 	74 	74 - 63 	75 	75 	76 	74 	79 	75 
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TABLE 3.11 	(continued) 	Olivine Analyses - Meta.€abbos 
Intrusion 
Sariole 75.76 78.72 77.291b 77.291a 77.299 
OLIVINE 1973 1993 200E 2013 2033 2043 205E 2083 2093 1903 1923 
5i02 38.33 39.77 37.82 37.46 39.52 39.13 36.74 37.07 37.53 38.89 39.05 
Ti02 rid rid rid 0.21 rid rid rid 0.20 rid rid rid 
rid rid rid rid rid rid rid rid rid rid rid 203 
Cr203 ND ND ND ND ND ND ND ND ND ND ND 
FeO 26.50 19.62 26.98 26.55 18.50 18.79 19.14 30.67 30.81 23.17 23.05 
36.04 41.74 35.92 35.26 42.55 42.16 42.63 32.92 32.76 38.98 39.01 
CaO rid rid rid rid rid rid rid 0.19 rid rid rid 
MnO 0.35 0.34 0.31 0.34 0.13 0.26 0.16 0.46 0.26 0.33 0.27 
NiO 0.17 0.16 rid rid rid rid rid rid rid 0.29 rid 
coo ND ND ND ND ND ND ND ND ND ND ND 
Na2 0 ND ND ND ND ND ND ND ND ND ND ND 
0 ND ND ND ND ND ND ND ND ND ND ND 
Total 131.39 101.62 101.03 99.83 101.01 100.35 100.68 --- 101.52 101.38 101.67 101.38 
Po 	70 	79 	70 	70 	80 	80 	79 	65 	65 	74 	75 
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TABLE B.12 	0rthopyoxene Analyses - Ultanarics 
Intrusion 
Sample 76.336e 
FMIMIM 1 2 3 21 31 6E 14,r 21E 301 
Si02 56.01 55.36 54.85 54.86 55.63 54.93 55.47 57.04 56.88 
TiC2 0.09 0.18 0.17 0.13 nd nd 0.14 0.12 n 
0.82 1.32 1.90 1.89 1.57 1.84 1.23 1.38 1.66 
Cr203 0.09 0.28 0.21 0.36 0.21 0.16 0.20 0.12 0.12 
PeO 8.70 e.43 8.77 9.49 9.60 9.35 6.84 9.24 9.47 
MgO 32.08 31.72 31.56 31.58 31.85 31.32 31.76 31.65 31.95 
CaO 1.04 1.07 1.05 1.00 0.94 0.93 1.10 1.04 0.92 
Mao 0.25 0.24 0.26 0.26 0.14 0.30 0.25 0.20 0.29 
NiO 0.01 0.01 0.03 od od nd nd ad n4 
coo 0.01 0.01 0.01 ND ND ND ND ND ND 
Na.2 0 0.02 0.03 0.03 nd -nd nd nd nd n4 
120 	. 0.01 0.00 0.00 ND ND ND ND ND ND 
Total 99.13 98.65 98.86 99.57 100.13 98.82 99.00 100.79 101.50 
Wo 2.0 2.1 2.0 1.9 1.8 1.8 2.1 2.0 1.8 
En .84.8 649 84.4 83.6 63.7 83.7 84.3 64.9 83.8 
P8 13.3 13.0 13.6 14.5 14.4 14.5 13.6 14.1 14.4 
intrusion  
Sample 77.64 
FMOXM 6 7 8 511 521 531 541 4 5 551 561 
8i02 55.00 55.24 54.56 55.52 55.12 55.08 56.06 55.56 54.75 54.57 55.54 
TiO2 0.15 0.19 0.18 0.20 0.17 0.16 0.30 0.19 0.24 0.22 0.18 
11203 1.12 1.35 1.35 1.65 1.90 2.10 1.85 1.47 1.90 2.26 1.54 
Cr203 0.12 0.21 0.10 od 0.15 od 0.27 0.39 0.44 0.42 0.31 
FeO 9.56 9.47 9.71 1 0.47 10.28 10.37 10.05 8.10 8.47 8.92 8.73 
MgC 30.71 31.18 30.82 31.34 30.52 30.59 30.95 31.77 31.56 31.69 31.96 
CaO 1.13 1.22 1.09 1.12 1.12 1.15 1.19 1.15 1.07 1.01 1.09 
Mno 0.28 0.26 0.25 0.33 Q.33 0.34 0.32 0.24 0.23 0.22 0.23 
NiO 0.01 0.03 0.01 nd nd od nd 0.00 0.02 od nd 
00 0.02 0.02 0.01 ND ND ND 1W 0.01 0.00 ND RD 
Ra20 0.03 0.03 0.05 nd nd nd o4 0.03 0.04 nd n 
12° 0.00 0.00 0.01 ND ND 1W 1W 0.01 0.00 ND ND 
Total 98.14 99.19 98.14 100.62 99.59 99.79 100.99 98.93 98.74 99.31 99.58 
Wo 2.2 2.3 2.1 2.1 2.2 2.2 2.3 2.2 2.1 2.0 2.1 
Zu 82.9 83.1 62.8 82.0 81.8 81.6 82.2 85.2 84.8 84.3 84.5 
Ps 14.9 14.6 15.0 15.9 16.0 16.1 15.4 12.6 13.1 13.7 13.3 
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TABU 3.13 0rthopyoxene A42yses - sacbros 
intrusion 014L 
Sap1e 	77.94 	 77.91 	 77.146(io1usio) 
moxm 	18 	19 	20 	396 	406 	416 	42! 	43! 	446 	30 	31 	32 	36 	37 	35 
sic 2 	53.36 53.25 53.15 	54.17 	54.09 	54.56 	54.62 	53.90 	54.05 	51.16 52.01 51.40 	92.73 50.88 91.89 
0.53 	0.50 	0.53 	0.51 	0.57 	0.43 	0.43 	0.45 	0.47 	0.47 	0.23 	0.40 	0.15 	0.33 	0.10 
0.61 	0.55 	1.06 	1.81 	1.66 	1.73 	0.87 	1.72 	1.47 	1.60 	1.40 	1.45 	2.30 	4.81 	3.26 
C203 	0.06 	0.07 	0.12 	0.23 	0.16 	0.23 	n4 	0.17 	0.12 	0.09 	0.13 	0.13 	0.21 	0.07 	0.12 
PeO 	1 7.50 17.62 14.94 	15.32 	15.70 	14.42 	16.98 	14.02 	15.29 	16.74 13.13 16.23 	10.53 12.96 11.76 
M€0 	25.05 24.93 26.45 	26.35 25.74 	27.13 25.87 	27.05 	26.53 	26.03 26.88 26.77 	30.59 28.22 29.76 
CaO 	1.51 	1.73 	2.01 	2.14 	2.26 	2.25 	1.57 	2.40 	2.27 	1.77 	4.03 	1.57 	1.35 	1.22 	1.11 
Y-- 0 	0.41 	0.42 	0.34 	0.22 	0.36 	0.25 	0.44 	0.32 	0.30 	0.36 0.26 	0.31 	0.23 	0.26 0.25 
RiO 	0.06 0.05 0.07 	Ad 	n2 	lid 	md 	n4 	n4 	0.06 0.09 0.05 	0.03 0.C5 0.03 
coo 0.03 0.05 0.03 	ND 	1W 	RD 	1W 	RD 	RD 	0.05 0.03 0.05 	0.02 0.02 0.00 
R&.0 	0.07 0.07 0.07 	n4 	n4 	 n4 	n4 	th 	0.05 0.12 0.05 	0.03 0.04 0.04 
Z2 C' 	0.00 0.00 0.00 	RD 	RD 	1W 	82 	RD 	RD 	0.00 0.00 0.00 	0.00 0.00 0.00 
Total 	99.55 99.24 98.81 100.76 100.54 100.99 100.78 100.06 100.53 	95.39 96.31 96.24 	95.80 95.89 96.34 
So 	3.6 	3.4 	4.0 	4.2 	4.4 	4.4 	3.1 	4.7 	4.4 	3.5 	7.5 	3.0 	2.5 	2.4 	2.1 
En 	66.8 	68.7 	72.6 	71.9 	70.5 	7' 5-3 	70.3 	73.4 	71.8 	70.6 72.1 	72.0 	81.1 	77.3 	79.8 
Ps 	27.6 	27.9 	23.5 	23.8 	24.5 	22.3 	26.6 	21.9 	23.7 	26.0 20.2 	25.0 	16.3 	20.3 	18.1 
2ntnsiOn SKi4ZD12. 
Sapl.e 	77.299 	 78.67 
P0206 	21 	22 	23 	43! 	466 	47! 	45! 	49! 	506 	818 	82! 	33 	34 	35 
53.99 54.08 53.96 53.07 55.34 54.54 54.3 1 54.33 54.01 54.07 54.11 52.42 53.32 52.68 
TC2 0.19 0.22 0.41 0.29 o2 0.17 0.27 0.27 0.57 0.46 0.30 0.76 0.40 0.42 
1.27 1.53 1.52 1.76 2.07 2.04 2.59 2.25 2.05 2.00 2.14 1.75 2.36 2.29 
C720, 0.17 0.24 0.21 0.25 n4 0.16 0.21 0.26 0.22 0.50 0.29 0.25 0.32 0.26 
P50 15.62 13.33 15.43 15.01 14.22 13.63 13.77 14.33 12.75  13.50 13.91 13.32 12.84 12.72 
}&gO 28.38 27.72 28.24 27.06 26.47 26.47 25.34 26.30 26.54 25.31  28.19 27.89 28.66 26.84 
CaD 0.77 1.71 1.52 1.27 1.03 1.19 1.52 0.91 3.76 1.25 1.43 2.25 1.59 1.95 
MnO 0.27 0.30 0.50 0.35 0.46 0.42 0.26 0.29 0.27 0.31 0.29 0.29 0.25 0.27 
6i0 0.04 0.07 0.05 o4 Zd n4 nd Zd nd nd o4 0.05 0.01 0.01 
coo 0.01 0.04 0.04 RD RD 1W RD RD 1W 1W RD 0.03 0.04 0.02 
8520 0.01 005 0.02 rid n4 nd n4 Dd nd n6 n4 0.03 0.04 0.03 
820 0.00 0.02 0.00 1W 7W RD 1W 7W RD 1W 82 0.00 0.00 0.00 
Total 98.73 99.56 99.71 99.10 101.60 100.64 101.28 100.94 100.20 100.24 100.66 99.07 99.83 99.14 
So 1.5 3.4 3.0 2.5 2.0 2.3 2.9 1.6 7.4 2.5 2.8 4.4 3.1 3.0 
En 77.3 75.5 76.2 73.9 75.9 76.5 75.9 76.1 72.6 76.5 75.8 75.1 77.1 77.4 
Pa 21.2 21.2 20.6 23.6 22.0 21.2 21.1 22.1 20.0 21.0 21.4 20.5 19.5 19.6 
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TABLE B.13 	(continued) 	Orthopyroxene Analyses - 11etaSbbros 
Iuti,siOn 	 -- - 
Sample 	77.307 	 78.71 	 76.76 	78.72 	 77.326 
PYROiE 	64E 	65E 	66E 	672 	692 	722 	74E 	7528 	762 	772 	782 	792 
Si02 	51.80 	53.37 53.25 	53.81 	53.29 	55.11 	53.51 	52.97 53.24 	54.59 	54.54 	54.48 
Ti02 	0.50 	0.37 	0.25 	0.23 	0.18 	nd 	0.30 	0.84 	0.16 	0.49 	0.37 	0.20 
Al 2°3 	
2.14 	2.58 	2.55 	1.41 	2.45 	0.73 	2.40 	2.20 	2.37 	1.88 	2.47 	1.92 
Cr2 03 0.12 	0.40 	0.28 	ad 	ad 	nd 	rid 	ad 	ad 	0.12 	0.19 	ad 
FeO 	18.95 	1 8.35 16.74 	21.39 	18.75 	18.08 	15.99 	18.01 16.06 	14.33 	15.04 	14.35 
.I90 	23.38 	24.51 24.43 	23.14 	23.19 	27.30 	26.11 	24.34 25.78 	27.18 	27.20 	28.09 
CaO 	1.74 	1.65 	2.06 	1.35 	2.54 	0.15 	1.21 	1.76 	1.35 	2.17 	1.76 	1.26 
Mao 0.55 	0.44 	0.30 	0.42 	0.33 	0.32 	0.50 	0.28 	0.37 	0.25 	0.31 	0.32 
NiO 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 
coo ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 
8620 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	rid 	
rid 	rid 	rid 	ad 
K2 0 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 	ND 
Total 	99.17 101.67 99.86 	101.76 100.74 	101.70 	99.82 100.40 99.33 	101.02 101.88 100.65 
Wo 	3.5 	3.3 	4.2 	2.7 	5.1 	0.3 	2.5 	3.5 	2.7 	4.2 	3.4 	2.5 
En 	65.7 	67.6 	68.8 	63.6 	64.9 	72.3 	72.2 	67.8 	71.6 	73.6 	73.3 	75.3 
Ps 	30.8 	29.1 	27.0 	33.7 	30.0 	27.4 	25.3 	38.6 	25.6 	22.2 	23.2 	22.2 
Intrusion 
	
Sample 	77.291b 77.2916 
PYR0E 	802 	83E 	842 
Si02 	55.04 	54.41 	53.99 
Ti02 	0.54 	0.63 	0.50 
.A12 03 	2.38 	1.44 	1.51 
Cr203 	rid 	0.21 	0.30 
- 	 FeO 	11.44 	14.55 	14.87 
MgO 	29.52 	27.05 	26.96 
CaO 	 1.55 	2.25 	2.19 
MnO 	 0.37 	0.31 	0.30 
NiO 	 rid 	rid 	rid 
coo ND 	ND 	ND 
Na2 0 	rid 	rid 	rid 
K20 	 ND 	ND 	
ND 
Total 	100.55 	101.16 100.63 
Wo 	 3.0 	4.3 	4.3 
Sri 	 79.1 	72.8 	72.7 
Ps 	 17.8 	22.9 	23.0 
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TABLE B.14 	Clinopyroxene Analyses - Ultrenafics 
Intrusion NDET 
Sample 76.336e 77.64 
PTROXENE 15 16 17 4E 10E 12E 14E 19E 23E 9 10 11 39E 40E 41E 
Si02 53.34 53.38 53.18 52.24 52.50 53.70' 52.77 54.36 53.16 52.62 52.98 51.78 53.00 53.28 53.73 
T102 0.26 0.26 0.26 0.30 0.25 0.21 0.15 nil 0.19 0.28 0.36 0.28 0.35 0.34 0.18 
Al 203 1.98 1.80 1.67 2.09 2.22 1.56 1.57 1.5 1.96 2.15' 2.37 2.02 1.90 2.16 1.03 
Cr2 03 .0.65 0.57 0.30 0.82 0.64 0.49 0.37 0.52 0.67 0.54 0.62 0.46 0.73 0.46 0.34 
PeO 4.26 4.29 4.52 4.27 4.25 4.10 5.99 3.63 4.19 4.53 4.70 4.56 4.57 4.34 4.41 
M90 17.37 17.61 16.76 16.84 17.27 17.49 16.78 17.02 16.82 17.20 17.10 17.01 17.25 1 6.52 17.34 
CeO 21.50 21.58 22.46 22.06 21.50 21.66 22.36 23.40 22.34 20.53 20.76 21.56 21.35 '23.07 22.52 
MMO 0.17 0.16 0.16 0.17 0.15 nd 0.16 nd 0.16 0.17 0.16 0.17 0.20 0.19 0.19 
NiO 0.01 0.00 0.00 nd nd nd nd od nd 0.02 0.00 0.01 od nd lid 
coo 0.03 0.01 0.03 ND ND ND ND ND ND 0.02 0.05 0.03 ND ND ND 
Na20 0.32 0.29 0.27 nd od th nd od nd 0.32 0.33 0.37 nd nc lid 
K20 0.00 0.00 0.00 ND ND ND ND ND ND 0.00 0.00 0.00 ND ND ND 
Total 99.91 99.96 95.64 98.80 99.08 99.20 98.16 100.43 99.70 98.69 99.46 96.25 99.39 100.55 100.05 
Wo 43.8 43.5 45.4 45.0 44.2 44.0 45.7 46.9 45.4 42.7 43.0 44.2 43.5 46.3 45.2 	- 
En 49.2 49.4 47.2 47.8 46.7 49.4 47.7 47.4 47.6 49.7 49.2 48.4 48.9 46.2 47.7 
Ps 7.1 7.0 7.4 7.1 7.0 6.5 6.7 5.7 7.0 7.6 7.8 7.5 7.6 7.5 7.1 
Intrusion 
Sample 77.66 . 
- 77.68 
FTh0E 42E 43E 12 13 14 45E 	46E 	-- 47E 48E 	49E 
SiO2 53.73 52.75 52.67 53.38 53.16 52.45 52.20 54.60 52.63 52.18 
h02 0.18 0.17 0.33 0.32 0.35 0.32 0.32 nd 0.27 0.35 
1.28 1.95 2.42 2.01 2.30 1.90 - 2.15 0 nd 1.79 2.64 
0.74 1.06 0.92 0.47 0.61 0.95 0.98 0.14 0.81 0.58 
PeO 3.83 4.83 3.90 4.21 4.29 3.99 4.25 2.53 4.42 4.70 
MgO 16.32 17.53 16.57 17.53 17.42 17.20 17.29 17.18 16.76 16.83 
CeO 25.51 21.24 21.57 21.76 21.47 21.64 21.43 25.60 22.06 22.01 
Mao 0.17 0.22 0.17 0.27 0.18 0.14 0.15 0.17 0.21 nd 
NiO nd nd 0.01 0.03 0.00 nd nd od ad nd 
coo ND ND 0.01 0.02 0.02 ND ND ND ND ND 
Na20 th rid 0.43 0.32 0.38 rid rid rid rid rid 
ND ND 0.00 0.00 0.00 ND ND ND ND ND 
Total 99.75 99.74 99.31 100.22 100.18 96.59 98.81 100.22 99.15 99.29 
Wo 47.6 42.8 45.5 43.9 44.0 44.3 43.3 49.6 45.0 44.8 
En 46.0 49.2 47.9 - 49.2 48.5 49.0 49.1 46.3 47.6 47.7 
Fs 6.4 e.00 6.6 6.9 7.5 6.7 7.1 4.1 7.4 7.5 
355 
TABLE 3.15 Clinpyoxene analyses - MetaabbroE 
ln=usi= MMAL 
Semple 	77.94 	 77.91 	 77.148(jnclusjo) 
PYRE 	24 	25 	26 	282 	292 	302 	312 	322 	332 	40 	41 	45 	46 
S102 52.16 52.54 51.06 52.11 50.71 51.92 52.11 52.15 52.69 51.84 52.52 50.71 51.65 
T102 0.53 0.34 1.17 0.66 1.33 0.80 0.72 1.19 0.91 0.60 0.49 0.37 0.21 
203 1.02 0.75 2.00 2.31 4.29 2.26 1.88 2.23 2.58 2.54 2.10 2.45 1.94 
Cr203 0.11 0.17 0.37 0.84 0.69 0.46 0.27 0.27 0.36 0.23 0.45 0.71 0.86 
FeO 8.96 8.18 8.41 6.55 7.09 8.87 9.04 8.56 7.75 7.41 6.38 5.07 4.16 
90 15.07 14.85 15.63 17.38 14.99 15.32 15.06 15.73 16.99 15.14 16.86 17.27 16.95 
CaO 19.64 20.75 18.47 19.12 19.91 19.45 19.86 19.26 17.96 29.79 19.65 20.99 21.61 
0 0.24 0.21 0.24 0.12 nd 0.31 0.23 0.20 0.29 0.21 0.20 0.15 0.15 
NiO 0.04 0.06 0.06 n4 n4 nd n4 ad nd 0.05 0.04 0.00 0.04 
CoO 0.01 0.03 0.00 1W 1W lID ND 1W ND 0.03 0.01 0.02 0.00 
11a2 0 0.66 0.49 0.68 n4 0.96 0.49 n4 n4 th 0.64 0.52 0.36 0.42 
220 0.00 0.00 0.00 ND lID lID ND ND ND 0.00 0.00 0.00 0.00 
Total 99.45 98.36 98.09 99.11 99.97 99.59 99.17 99.59 99.54 99.46 99.24 96.09 98.03 
Wo 41.1 43.3 39.3 39.4 43.0 40.6 41.4 40.1 37.5 43.5 40.7 42.8 44.5 
En 43.9 43.1 46.3 49.5 45.0 44.4 43.6 45.6 49.3 44.1 48.4 48.9 48.5 
Ps 15.0 13.7 14.4 10.8 12.0 15.9 15.9 14.3 13.1 12.4 10.6 8.3 7.0 
Intrusion 	 S1ANDALEN 
Sample 	77.96 	 77.299 
PTh0ND 	652 	702 	 27 	28 	29 - 342 3352 	362 	372 	382 	772 	782 
S102 52.87 51.20 51.36 51.23 52.36 52.04 51.92 57.52 52.23 52.80 52.63 52.09 
Ti02 0.72 0.89 0.74 0.60 0.35 0.56 0.54 0.45 0.62 0.44 0.49 0.66 
203 1.80 2.89 2.89 2.33 1.31 2.66 2.95 2.47 2.53 1.49 2.29 2.82 
203 0.43 1.35 0.42 0.46 0.46 0.40 0.51 0.45 0.46 0.47 0.36 0.51 
FeO 9.06 6.64 4.7e 6.13 5.30 5.86 5.75 3.33 3.84 5.32 5.73 5.12 
)490 17.15 1 6.37 15.11 15.98 15.42 15.92 15.73 15.45 1 6.39 15.57 15.72 15.20 
CaD 17.04 19.68 22.50 20.99 22.24 21.49 22.05 22.26 23.83 23. 1 0 21.54 22.65 
0 0.16 0.13 0.15 0.15 0.17 0.13 nd nd 0.16 0.12 0.18 0.13 
BiO 0.21 nd 0.07 0.05 0.06 n4 n4 od 0.15 nd 0.14 ud 
coo ND 1W 0.00 0.01 0.01 ND ND ND ND lID ND ND 
11520 iid 0.52 0.39 0.42 0.32 ad nS nd nd nd rid rid 
220 lID ND 0.01 0.00 0.00 lID ND ND ND lID ND ND 
Total 99.45 99.68 97.92 98.37 97.94 99.18 99.41 101.97 100.22 99.32 99.07 99.19 
Wo 35.4 41.2 47.5 43.6 46.5 44.4 45.5 48.0 47.9 47.1 44.8 47.3 
En 49.6 47.7 44.4 46.2 44.7 45.8 45.2 46.4 45.8 44.2 45.5 44.1 
Ps 15.0 11.1 5.1 10.2 6.9 9.7 9.3 5.6 6.3 8.7 9.7 8.6 
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TABLE 3.15 	(contie4) 	C1ixopyrcxen. Analyses - Idetagabbros  
Intrusion  
Sazple 	78.67 	 .77.3005 	 78.71 	 75.68 	 78.72 
PYP2' 7ZC 	42 	4) 	44 	50! 	525 	54! 	56! 	57! 	56! 	595 	60! 	62! 	641 	657 	66! 
SiC2 50.10 50.14 49.47 51.22 52.76 53.23 52.05 53.94 53.16 52.29 51.66 52.19 51.62 51.51 51.86 
TiC2 1.04 1.00 0.70 0.72 0.51 0.41 0.41 n4 0.38 0.46 0.63 0.45 0.42 0.65 0.49 
41203 3.60 3.56 3.63 3.25 2.59 1.86 3.56 0.51 1.42 1.77 2.64 2.55 2.66 3.44 2.12 
C--203 0.66 0.53 0.67 1.02 0.83 0.49 0.94 nd 0.24 0.35 0.78 0.88 0.80 0.32 u4 
5'e0 6.24 5.46 6.79 6.34 5.00 5.63 6.59 8.13 8.35 7.52 5.89 5.45 6.72 4.72 6.6.4 
M0 16.30 15.37 16.76 16.30 15.17 16.08 15.54 14.45 14.70 14.44 16.23 15.59 17.33 15.19 .14.72 
CaO 20.49 21.69 19.60 20.76 22.35 21.77 20.31 22.68 22.10 22.13 20.27 21.97 1 8.93 22.60 22.00 
5C 0.16 0.19 0.18 0.21 0.21 0.23 0.13 0.51 0.24 0.24 0.15 0.25 nd 0.20 0.19 
SiO 0.03 0.03 0.04 nd 
coo 0.00 0.01 0.02 N! 5Th 5Th 5Th ED SW SW SW SW ND SW SW 
Na_0 0.44 0.53 0.4t nd nd nd nd ot. o4 nd rd nd nd 04 md 
!..0 0.00 0.00 0.00 8! SW SW ND SW SW ND 552 552 SW SW 152 
Total 98.81 98.52 98.33 99.84 99.43 99.70 99.58 100.05 100.59 	99.19 98.45 99.36 95.18 98.63 98.02 
'No 42.9 45.7 40.5 42.8 47.0 44.7 43.0 45.9 44.9 45.8 42.6 45.7 39.5 47.5 46.0 
So 46.6 45.0 48.2 46.7 44.4 45.9 45.8 40.7 41.5 41.6 47.5 45.0 49.5 4.4.4 42.8 
Pa 10.5 9.3 11.3 10.6 8.6 9.4 11.2 13.4 1 3.6 12.6 9.9 9.3 11.0 6.1 .11.2 
	
Sample 	77.326 	 77.291b 	 77.291 a 
P!R0)Th 	71! 	725 	73! 	741 	75! . 76! 	795 	80! 
SiO
2 
	51.57 51.51 	51.65 	51.86 	52.20 51.86 	52.20 52.03 
2402 	0.70 0.78 	0.71 	0.51 	0.43 	0.66 	0.68 	0.93 
Al' o 3.63 	3.94 	3.55 	4.50 	4.01 	3.79 	2.51 	2.02 
203 	0.18 0.20 	0.26 	0.70 	0.40 0.26 	0.69 	0.20 
FeC 	7.20 6.93 	7.91 	5.23 	7.23 	3.88 	6.40 	9.56 
Z&gO 	13.77 15.60 	1 6.72 	16.62 	18.91 16.62 	15.57 15.54 
CeO 	20.12 20.30 	19.18 	20.61 	16.99 19.44 	18.91 19.25 
11=0 	0.26 0.12 	0.21 	0.19 	0.22 	o4 	0.20 	0.24 
P4.0 	0.18 o4 	nd 	0.19 	114 	n4 	od 	od 
coo 152 	552 	SW 	5Th 	SW 	SW 	ND 	SW 
Ne2O 	
nd 
520 	552 	552 	SW 	SW 	552 	752 	ND 	ND 
ToteS. 	99.61 99.38 100.24 	100.41 100.39 98.52 	99.16 99.78 
o 42.0 42.7 39.3 42.9 34.6 41.2 40.0 39.7 
to 45.5 45.6 47.6 48.2 52.5 49.0 45.8 44.5 
Ps 12.2 11.6 13.1 8.9 11.9 9.7 14.2 15.8 
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TABLE 	.16 	Plagioclase Analyses 	 Ultraaric8 	(all analyses by E.D.S.) 
S8ple 	76.254 
PLIOCLASZ 26C 	268 	28C 	288 	30C 	308 	32C 	328 	34C 	348 	36C 	368 
Si02 60.54 61.45 59.51 61.10 60.43 59.89 59.85 61.76 59.91 59.79 59.55 60.70 
nd nd na Md nd 0.12 nd n4 nd nd nd n4 
A120 3 24.70 23.73 24.90 24.61 25.14 25.22 24.80 23.64 25.87 24.47 25.4e 24.98 
23 - ND ND ND ND RD ND ND ND ND : ND ND 
FeO nd M nd nd nd 0.17 th nd nd nd nd 0.11 
M0 nd ad n4 nd nd nd nd nd Ud 4 nd nd 
CaD 6.26 5.29 6.76 5.95 6.62 6.92 6.41 5.29 7.06 6.20 6.98 6.34 
Mao ND ND ND ND ND ND ND ND ND ND ND ND 
NiO 1W ND ND ND ND ND ND ND ND ND ND ND 
coo ND ND ND ND ND ND ND ND ND ND ND ND 
Na2O 7.93 8.15 7.23 6.13 7.97 7.97 7.49 6.53 7.72 7.79 7.62 7.53 
E20 ud nd r4 nd rLd nd 0.10 nd 0.07 nd ad nd  
Total 99.43 98.62 98.40 99.79 100.15 100.28 96.65 99.22 100.63 98.24 99.63 99.67 
An 30.4  26.4 34.1 28.6 31.5 32.4 31.9 25.5 33.5 30.6 33.6 32.1 
Ab 69.6 73.6 65.9 71.2 68.5 67.6 67.5 74.5 66.1 69.4 66.4 67.9 
o.. 0.6 0.4 
Sample 76.336h 
PLGI0CL.E 42 43 44 45 46C 468 488 50C 508 52C 528 54C 548 56C 568 
SiC2 63.57 64.20 64.93 63.74 62.70 63.52 63.43 64.86 63.89 63.31 64.19 64.19 64.70 63.72 63.22 
T102 Ud ad nd nd 0.13 ri 
A1203 22.79 22.28 22.36 22.43 22.12 22.89 22.26 22.28 22.27 22.51 22.42 22.74 22.00 22.23 22.51 
Cr..0 
'3 
ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
FeO n4 nd 0.14 nd Ind nd 0.16 0.13 nd ud nd nd nd nd 0.23 
14O no n4 nd nd nd nd nd nd ad ' 4 
CaO 3.85 3.34 3.37 3.75 3.99 4.04 3.52 3.30 3.51 3.21 3.57 3.60 3.24 3.42 3.53 
Mno ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
NiO ND ND ND ND ND ND ND ND ND 1W ND ND ND ND 1W 
coo ND ND ND ND ND ND ND ND ND ND ND 1W ND ND ND 
Na20 9.03 9.06 9.64 9.06 8.39 9.26 9.34 9.57 9.30 9.37 9.08 8.82 9.35 9.13 8.97 
• 82 0 od nd nd nd 1.24 nd nd nd nd 0.15 nd nd 0.08 nd 0.07 
Total 99.24 98.88 100.44 98.99 98.57 99.71 98.71 100.15 98.98 98.54 99.27 99.34 99.37 98.49 98.55 
An 19.1 16.9 16.2 16.6 19.3 19.4 17.2 16.5 17.3 15.8 17.9 18.4 16.0 17.1 18.6 
Ab 80.9 83.1 83.8 81.3 73.5 80.6 82.7 83.5 82.7 83.3 82.1 61.6 83.5 82.8 81.0 
0, 7.2 0.9 0.5 0.5 
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T4.3LR B.17 	Plagioclase Analyses 	- 	Meabooe 	(all axalyes by E.D.S.) 
SLjAE4.LEN 
Sample 	77.299 
PLLGIOCIJ5E 78C 	78R 	80C 	BOB 	82C 	82E 	84C 	84R 	86 	87 	119C 119R I 20C 120R 
sic 46.9 1 47.34 48.01 48.39 48.40 47.77 48.29 47.75 47.29 47.26 48.05 46.12 48.11 48.09 2 
TiO2 nd ad nd nd nd 0.12 od ud nd ad od nd nd nd 
23 33.41 32.59  32.90 32.50  32.51 33.12 32.34 33.12 32.70 
33.31 32.77 34.06 33.59 33.40 
23 
ND ND ND ND ND ND ND ND ND ND ND ND 1W ND 
Fe0 od 0.16 nd 0.19 0.12 nd nd 0.23 na th 0.11 od ud 0.10 
d th od rad zid od th nd od nd rd xid th nd 
caO 17.13 16.42 16.34  15.83 16.40 16.22 15.97 16.28 16.47 16.38 15.98 18.09 16.93  16.54 
Mao ND ND ND ND 1W ND ND ND ND ND ND ND ND ND 
NiO ND ND ND ND ND ND ND ND ND ND 1W ND ND ND 
coo 2W ND ND ND ND ND ND 1W 1W ND 1W ND 0 ND 
Na.2 0 1.69 1.83 2.15 2.43 2.43 2.22 1.91 2.10 1.79 1.94 2.36 .1.15 1.25 2.16 
K20 nd nd od nd nd nd nd. nd nd od ud 
Total 99.15 98.34 99.39 99.36 99.85 99.45 96.51 99.47 98.25 98.89 99.27 99.43 99.88 100.29 
An 	84.9 	83.3 	80.8 	78.4 	79.0 80.2 	82.2 	81.1 	83.5 	82.4 	78.9 	89.6 88.2 	80.9 
Ab 	15.1 	16.7 	19.2 	21.6 	21.0 	19.8 	17.8 	18.9 	16.5 	17.6 	21.1 	10.3 	11.8 	19.1 
0, 
Sample 77.300b 77.307 
PLAI0C1ASR 68c 68R 71 - 72 73C 73B 75C 75R - 	 88C 88R 89C 89R 90 -910 91R 
SiC2 51.71 47.91 48.23 51.20 49.12 51.96 52.12 51.13 50.34 52.55 48.89. 54.86 52.12 49.44 53.34 
TiC2 nd 0.15 od nd rid 0.12 rid 0.17 rid rid rid rid rid rid rid 
23 30.45 
32.83 32.27 30.63 31.76 29.84 30.00 30.19 30.99 29.48 32.54 27.70 30.00 31.48 28.81 
ND ND ND ND ND ND ND ND 2W ND ND ND ND 2W 1W Cr203 
FeC rid 0.11 0.19 rid rid rid rid 0.17 rid 0.22 rid Dd 0.43 rid 0.21 
MgO rid rid rid rid rid rid nd rid rid rid nd rid rid nd nd 
CeO 13.50 16.22 15.80 13.92 15.26 12.94  12.65 13.47 14.24 12.14 15.49 10.43 13.01 14.52 11.60 
MnO 1W ND ND ND ND ND ND ND ND 1W - 	 ND ND 2W ND ND 
NiO ND ND ND ND ND ND ND ND ND 2W 1W ND ND ND ND 
coo 1W ND ND ND ND ND 2W ND ND ND ND 1W ND ND ND 
Na20 3.62 1.51 2.68 3.34 2.08 4.05 4.10 4.05 3.88 3.91 2.57 5.44 4.16 2.97 5.19 
rid rid rid rid rid rid rid rid rid rid rid rid rid rid rid 
Total 99.28 98.73  99.17 99.09 98.23 98.92 98.87 99.18 99.44 96.30 99.50 98.44 99.72 96.41 99.15 
An 67.3 85.6 76.5 69.7 80.2 63.8 63.0 64.8 67.0 63.5 76.9 51.4 63.9 73.0 55.6 
Ab 32.7 14.4 23.5 30.3 19.6 36.2 37.0 35.2 33.0 36.5 23.1 48.6 36.0 27.0 44.4 
or 
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TABLE 8.17 	(continued) 	Plagioclase Analyses 	- 	Nete.gabbros (all analyses by E.D.S.) 
Sample 78.76 76.72 
PLAGIOCLASE 93C 938 94C 948 95C 958 96C 968 98C 988 100C 1008 
6j02 53.21 54.15 53.29 54.60 52.36 52.29 52.88 53.01 51.34 53.41 50.34 45.72 
Ti02 0.27 ad and ad ad ad ad ad ad ad ad ad 
Al 2  O , 30.23 29.51 30.14 29.00 30.61 31.30 29.36 29.37 29.93 28.58 30.88 33.82 
23 ND ND ND ND ND ND ND ND ND ND ND ND 
FeO ad 0.16 0.11 0.20 0.14 ad ad rid ad ad rid ad 
MgO ad rid ad ad ad ad ad rid rid ad ad ad 
CaO 12.52 12.03 12.42 11.00 13.26 13.05 12.11 11.89 12.62 11.12 13.49 17.44 
MaO ND ND ND ND ND ND ND ND ND ND ND ND 
NiO ND ND ND ND ND ND ND ND ND ND ND ND 
coo ND ND ND ND ND ND ND ND ND ND ND ND 
Na2 0 5.04 5.07 4.55 5.27 4.33 3.98 4.58 4.58 4.24 4.88 3.65 1.50 
K2 0 nd ad ad ad ad nd ad rid ad ad rid ad 
	
Total 	101.27 100.92 100.51 100.07 100.70 100.62 	98.92 96.85 98.33 97.99 98.36 96.47 
An 	57.8 	57.0 	60.3 	53.9 	63.1 	64.4 	59.4 	58.9 	62.5 	55.7 	67.1 	86.5 
Ab 	42.2 	43.0 	39.7 	46.0 	36.9 	35.6 	40.6 	41.1 	37.4 	44.3 	32.9 	13.5 
0 
Sample 	77.326 	 77.291b 
PLAGIOCLASE 107C 	1078 	109C 	109R 	ilic 	1118 	113C 	1138 	115C 	1158 	117C 	1178 
SiC2 51.12 52.55 52.98 53.32 56.48 57.22 50.64 50.11 48.12 52.00 52.77 51.06 
T102 ad ad rid ad ad 0.13 ad ad ad ad rid rid 
Al20 
-d 
31.36 29.24 29.82 29.66 27.04 26.71 31.42 31.54 32.44 30.15 29.22 30.92 
Cr203 ND ND ND ND ND ND ND ND ND ND ND ND 
FéO ad 0.79 ad ad ad rid 0.10 rid ad ad ad 0.12 
M0 ad 0.35 ad ad ad ad rid ad ad rid rid rid 
CaO 14.20 11.87 12.74 12.15 9.23 8.75 13.90 14.62 15.73 12.92 12.13 13.82 
MnO ND ND  ND ND ND ND ND ND ND ND ND ND 
NiO ND ND ND ND ND ND ND ND ND ND ND ND 
coo ND ND ND ND ND ND ND ND ND ND ND ND 
Na2 0 3.28 4.19 4.18 4.64 6.50 6.38 3.53 3.53 2.23 4.21 4.50 3.20 
rid ad 0.15 0.07 ad ad nd rid rid rid rid ad 
Total 99.98 99.32 99.87 99.83 99.26 99.19 99.61 99.81 98.53 99.28 98.63 99.12 
An 70.5 61.0 62.2 58.9 44.0 43.1 68.5 69.6 79.6 62.9 59.8 70.5 
Ab 29.5 39.0 36.9 40.7 56.0 56.9 31.5 30.4 20.4 37.1 40.2 29.5 
Or 0.9 0.4 -- 	 --- 
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TOLE B.17 	(continued) 	Plagioclase Analyses 	- 	Neta€abbros 	(all analyses by ED.S.) 
UNDAL 
Sample 77.291a 77.94 77.96 
PLAGIOCLASE 121C 1218 122C 1228 58C 588 60C 60R 62c 628 64 102 	103C 
SiC2 53.13 53.14 53.12 55.30 52.46 55.87 53.55 55.26 53.25 55.41 53.25 54.37 	53.10 
Ti02 nd xd nd 0.11 nd na Mc 4 nd nd 0.17 nd 	0.11 
Al 203 29.01 29.36 26.90 28.22 29.40 26.37  29.28 28.20 29.46 27.81 29.29 29.01 	29.64 
Cr03 ND 1W ND ND ND ND ND ND ND ND ND ND 	ND 
FeC 0.21 0.20 0.29 0.14 0.12 0.21 0.18 0.12 0.16 0.17 nd 0.11 	0.21 
140 nd nd nd nd nd nd nd nd 
CaO 12.12 11.86 11.52 1 0.53 12.15 10.83 11.75 10.53 12.06 10.37 11.97 11.53 	11.99 
MnO ND ND ND ND ND ND ND ND ND ND ND ND 	ND 
NiO ND ND ND ND ND ND ND ND ND ND ND ND 	ND 
Coo ND ND ND ND ND ND ND ND ND ND ND ND 	ND 
Na.20 4.11 4.40 4.31 5.30 4.53 5.39 4.32 5.28 4.86 5.82 4.76 4.80 	4.76 
0.15 0.10 0.63 0.42 0.12 0.27 0.21 0.26 0.24 nd 0.15 th 
Total 96.73 99.07 98.77 100.03 96.79 98.95 99.29 99.68 100.04 99.59 99.60 99.83 	99.80 
An 61.4. 59.4 57.4 51.0 59.4 52.2 59.6 51.9 57.5 50.0 57.6 57.0 	56.2 
.A.b 37.6 40.0 36.8 46.5 39.8 46.3 39.1 46.6 41.3 50.0 41.5 43.0 	41.8 
0.. 0.9 0.6 3.8 2.4 0.7 1.5 1.2 1.5 1.4 0.9 
OLXAB 
Sample 76.94 
PLLGIOCIJ.SE 1038 105C 1055 170 175 190 195 21C 215 23C 238 130 	135 
S102 54.59 53.14 55.46 58.20 59.40 58.54 60.04 58.54 59.75 57.55. 58.17 58.41 	60.65 
TiO2 rid rid 0.10 rid nd rid rid rid rid rid rid 
Al 203 28.62 29.92 28.30 25.53 25.18 25.09 24.70 25.95 24.55 26.38 25.26 26.17 	23.69 
Cr 2  0.. ND ND ND 1W ND ND ND ND ND ND ND ND 	ND 
PeO rid rid 0.16 rid rid rid rid rid rid rid rid rid 	rid 
140 rid rid rid rid rid rid rid rid rid rid rid rid 	rid 
0 11.06 12.25 10.51 7.69 7.11 7.36 6.70 8.17 6.56 8.56 7.77 6.14 	5.52 
1i0 ND ND ND 1W ND ND ND ND ND ND 	. ND ND 	ND 
NiO ND ND ND ND ND ND 1W ND ND 	. ND ND ND 	ND 
coo ND ND ND ND ND 1W ND 0 ND ND ND ND 	ND 
Ne.20 4.83 5.00 5.22 7.05 7.27 6.92 7.64 6.19 7.78 6.53 7.20 7.13 	8.18 
I0 rid 0.06 rid 0.08 rid 0.17 0.08 rid 0.15 0.10 0.10 0.08 	rid 
Total 99.10 100.36 99.75 98.55 98.96 98.09 99.16 98.85 98.80 99.12 98.51 99.93 	98.24 
An 55.9 57.2 52.7 37.5 35.1 36.7 32.5 42.2 31.5 41.8 37.2 38.5 	27.2 
Ab 44.1 42.4 47.3 62.0 64.9 62.3 67.0 57.8 67.6 57.6 62.3 61.0 	72.8 
0r 0.4 0.5 1.0 0.5 0.9 0.6 0.6 0.5 
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1p AAT 	B.18 	Pyirhotite Analyses - Ma-tic Suirides 
Prospect VAX11LN 0LKR 
Sanpie 75/27/620 75/27/10.40 75/27/6.60 77/2/14.90 
PTRR0TI 95 96 97 96 99 100 101 102 103 53 54 55 
Fe 60.13 59.62 59.34 60.72 60.77 59.76 60.54 60.41 6043 59.65 55.51 60.25 
Ni 0.22 0.29 0.65 0.62 0.27 0.95 0.32 0.79 0.41 0.54 0.51 0.51 
Co 0.12 0.10 0.14 0.12 0.12 0.11 0.10 0.12 0.09 0.11 0.11 0.12 
Cu 0.07 0.04 0.02 0.06 0.01 0.02 0.04 0.06 0.02 0.05 0.09 0.05 
Pb 0.16 0.14 0.12 0.13 0.13 0.11 0.21 0.18 0.14 0.17 0.18 0.17 
Zn 0.00 0.00 C.00 0.00 0.04 0.05 0.00 0.07 0.01 0.00 0.00 0.00 
Ass 0.00 0.07 0.06 0.09 0.17 0.07 0.17 0.11 0.06 0.00 C.C61 0.00 
5 37.95 38.17 38.30 38.48 38.75 38.98 38.90 38.86 38.92 38.10 38.24 38.53 
Total 	98.65 98.43 98.64 	100.23 100.27 100.05 	100.27 100.60 100.06 	98.62 98.64 99.63 
Prospect 
Sap.e 77/1/6.60a 77/2/15.00 77/3/8.65 77/4/23.70 
FV-ERMTI= 56 57 58 59 60 61 62 63 64 65 66 67 
Fe 59.39 59.68 60.19 59.61 59.42 60.42 60.98 60.88 61.22 60.77 60.65 61.35 
Ni 0.62 0.62 0.59 0.34 0.47 0.52 0.39 0.46 0.55 0.46 0.48 0.40 
Co 0.11 0.08 0.10 0.11 0.11 0.11 0.16 0.14 0.14 0.12 0.13 0.15 
Cu 0.03 0.05 0.06 0.03 0.02 0.04 0.06 0.02 0.02 0.05 0.04 0.03 
Pb 0.15 0.20 0.15 0.08 0.12 0.12 0.17 0.17 0.16 0.15 0.17 0.16 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.03 
As 0.08 0.03 0.00 0.00 0.00 0.00 0.11 0.24 0.10 0.18 0.12 0.23 
$ 38.24 38.48 38.38 36.57 38.27 38.25 38.43 38.14 38.08 38.35 38.52 38.3 1 
Total 98.62 99.14 99.47 98.74 98.41 99.47 100.29 100.05 100.26 100.11 100.11 100.68 
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T.&BLE B.16 	(continued) Pyrrotite Analyses 	Magmatic Stif ides 
Prospect 
Sample 77/1/10.60 77/4/31-56 77/5/32.84 77/4/27.56 
PYR8BOTITE 68 69 70 71 72 73 74 75 76 77 78 79 
Fe 60.16 60.69 60.21 61.07 61.31 60.71 60.54 60.33 60.95 60.60 60.51 60.58 
Hi 0.30 0.48 0.60 0.47 0.47 0.47 0.06 0.11 0.08 0.48 0.54 0.57 
Co 0.14 0.12 0.16 0.14 0.14 0.12 0.20 0.25 0.20 0.23 0.20 0.23 
Cu 0.02 0.03 0.04 0.08 0.10 0.05 0.04 0.06 0.06 0.07 0.06 0.08 
Pb 0.20 0.15 0.13 0.16 0.11 0.14 0.18 0.20 0.13 0.14 0.14 0.15 
Zn 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 
M 0.19 0.10 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 39.20 38.45 36.47 37.62 37.22 37.36 37.97 38.03 37.87 37.85 37.64 37.82 
Total 	100.20 100.05 99.87 	99.54 99.45 98.87 	96.99 98.98 99.33 	99.37 99.10 99.44 
Prospect 
Sample 77/2a/4.85 77/4/33.23c 77/4/20.48 77/2/3.26 
FYIEMOTIM 80 81 82 83 84 85 86 87 88 69 90 91 
Fe 60.25 60.50  60.89 60.62 60.43 60.23 60.68 60.68 60.65 59.93 60.08 59.93 
Ni 0.35 0.50 0.44 0.43 0.45 0.45 0.16 0.17 0.38 0.31 0.23 0.39 
Co 0.14 0.14 0.11 0.12 0.12 0.11 0.19 0.21 0.13 0.13 0.11 0.13 
Cu 0.07 0.02 0.01 0.03 0.04 0.06 0.06 0.07 0.05 0.07 0.07 0.03 
Pb 0.16 0.09 0.10 0.15 0.13 0.15 0.07 0.11 0.12 0.15 0.18 0.14 
Zn 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.03 0.00 0.02 0.00 0.01 
As 0.00 0.05 0.11 0.08 0.11 0.16 0.09 0.15 0.17 0.03 0.00 0.00 
S 38.73 38.55 38.86 38.61 38.92 38.86 38.63 38.46 38.42 38.18 37.94 37.66 
Total 99.71 99.85 100.52 100.04 100.25 100.07 99.91 99.88 9991 98.82 98.62 98.30 
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TLBLE L18 	(continued) 	Pyrrhotite Analyses - Magmatic Sulfides 
Prospect SKJPDA.L 
Sample 77/3/14.60 78.71 78.64 78.76 
PYRREOTITE 92 93 134 135 136 137 136 1 	139 140 141 142 
Fe 60.54 60.35 60.81 61.05 61.18 60.29 60.59 59.95 60.47 60.40 60.01 
Ni 0.41 0.33 0.40 0.48 0.46 0.52 0.50 0.55 0.73 0.50 0.66 
Co 0.11 0.15 0.13 0.00 0.12 0.15 0.15 0.14 0.16 0.11 0.15 
Cu 0.07 0.07 0.05 0.00 0.00 0.04 0.02 0.04 0.05 0.04 0.05 
Pb 0.17 0.16 0.14 0.13 0.17 0.15 0.11 0.18 0.12 0.14 0.12 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S 37.55 37.30 38.50 38.53 38.34 36.64 38.4 1 38.19 38.57 38.51 38.61 





143 144 145 
78.68 
146 147 148 
78.67 
149 150 151 
78.72 
152 153 154 
Fe 59.89 60.35 60.41 60.26 60.15 60.61 60.89 60.82 60.95 61.07 61.04 61.19 
Ni 0.45 0.46 0.53 0.42 0.42 0.45 0.29 0.23 0.25 0.23 0.27 0.26 
Co 0.17 0.13 0.16 0.18 0.20 0.17 0.12 0.16 0.14 0.13 0.12 0.11 
Cu 0.04 0.04 0.07 0.07 0.05 0.07 0.08 0.06 0.12 0.12 0.07 0.09 
Pb 0.10 0.11 0.14 0.15 0.13 0.16 0.10 0.10 0.12 0.16 0.21 0.12 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.06 0.06 0.05 0.04 0.00 0.00 0.06 0.05 0.19 0.07 0.00 0.01 
S 3e.33 38.26 38.65 38.31 38.33 38.30 37.91 38.28 37.54 37.62 37.59 37.88 
Total 99.05 99.43 100.02 99.43 99.27 99.77 99.46 99.70 99.33 99.41 99.60 99.65 
36/+ 
TABLE 1.18 	(continued) Pyotite Analyses - Ma-tic Sulfides 
Prospect 
Sample 76.77 77.304 77.339 
PYBREOTITB 155 156 157 158 159 160 171 172 173 174 175 176 
Fe 59.70 60.07 59.74 59.95 60.31 60.39 60.48 60.48 60.49 60.52 60.05 60.40 
0.45 0.50 0.56 0.13 0.19 0.23 0.40 0.58 0.40 0.55 0.80 0.38 
Co 0.12 0.09 0.09 0.11 0.13 0.12 0.14 0.12 0.10 0.12 0.10 0.12 
0.10 0.07 0.08 0.12 0.14 0.11 0.07 0.09 0.04 0.04 0.04 0.07 
Pb 0.18 0.19 0.14 0.12 0.18 0.13 0.06 0.07 0.13 0.12 0.10 0.14 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.02 0.00 0.00 0.00 0.00 0.05 0.11 	- 0.00 0.00 0.00 0.00 0.05 
5 36.74 38.77 38.84 38.56 38.96 38.42 36.47 38.17 38.15 38.05 38.11 38.73 
Total 99.31 99.69 99.46 99.00 99.90 99.45 99.72 99.51 99.31 99.40 99.20 99.90 
Prospect 5KJJ.Z7PALEN G.Jon XALTIMMET 
SanxF].e 77.3 1 6 77.330 77.34 76.ND.1 
PRR10TI 197 198 199 200 201 202 104 105 106 107 108 109 
Fe 59.52 60.03 59.56 60.08 60.16 60.30 61.07 60.49 61.09 59.89 59.69 59.54 
Ni 0.70 0.64 0.67 0.39 0.45 0.43 0.46 0.21 0.42 0.70 0.87 1.11 
Co 0.14 0.12 0.14 0.12 0.12 0.14 0.20 0.22 0.18 0.14 0.13 0.14 
Cu 0.16 0.13 0.08 0.12 0.12 0.11 0.03 0.03 0.03 0.07 0.03 0.05 
Pb 1W ND ND ND 1W ND 0.20 0.15 0.13 0.13 0.20 0.13 
Zn ND ND ND ND ND ND 0.04 0.05 0.01 0.00 0.00 0.02 
As 0.00 0.00 0.02 0.00 0.00 0.00 0.08 0.11 0.17 0.00 0.10 0.03 
S 38.88 39.07 38.64 3e.87 39.10 39.02 38.69 38.71 38.25 38.88 39.05 38.63 
Total 99.41 99.99 99.10 99.59 99.95 100.01 100.76 99.97 	100.28 99.82 	100.08 99.64. 
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TABIM B. 16 	(continued) 	Pyrrotite Analyses - Maatic Sulfides 
Pospec 
Sample 77/12/5.50 77/12/6.10 76.294 76.293 
110 111 112 113 114 115 116 117 118 119 120 121 
Pa 61.02 60.84 60.78 60.95 61.05 60.85 60.06 60.83 60.46 61.50 61.14 61.46 
0.52 0.53 0.54 0.71 0.51 0.62 0.63 0.61 0.72 0.43 0.48 0.52 
Co 0.12 0.10 0.12 0.13 0.10 0.11 0.12 0.13 0.16 0.14 0.16 0.11 
Cu 0.05 0.04 0.04 0.03 0.06 0.05 0.06 0.05 0.05 0.02 0.04 0.05 
Pb 0.18 0.14 0.14 0.16 0.20 0.14 0.19 0.22 0.24 0.17 0.20 0.21 
In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.00 
As 0.00 0.13 0.02 0.00 0.06 0.05 0.04 0.00 0.10 0.00 0.00 0.00 
5 36.03 36.36 38.26 36.06 37.96 38.17 36.20 37.76 38.15 37.87 37.97 37.80 
Total 99.92 100.12 99.92 100.04 99.94 100.00 99.33 99.64 99.92 100.13 99.98 100.15 
Prospect 
- - 
Sample 77/8/19.55 77/6/2.06 77/1 2/7.30 76.336e 
PTBRTE 177 178 179 180 181 182 183 184 185 122 123 124 
Fe 60.12 59.99 59.72 60.11 60.27 60.79 60.84 60.50 60.60 63.44 61.44 61.05 
Ni 0.37 0.33 0.48 0.67 0.61 0.69 0.28 0.44 0.47 0.26 0.42 0.33 
Co 0.12 0.11 0.13 0.10 0.15 0.11 0.11 0.13 0.14 017 0.16 0.14 
Cu 0.08 0.09 0.07 0.06 0.08 0.08 0.13 0.10 0.05 0.02 0.04 0.03 
Pb 0.07 0.09 0.10 0.10 0.08 0.09 0.08 0.09 0.06 0.18 0.14 0.18 
In 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.03 0.03 0.02 0.06 
As 0.05 0.05 0.04 0.11 0.01 0.05 0.09 0.09 0.11 0.10 0.11 0.13 
S 38.83 38.55 36.92 37.98 38.07 38.30 38.02 38.49 38.52 38.67 37.65 37.68 
Total 99.65 99.22 99.46 99.16 99.27 100.11 99.55 99.85 99.98 99.89 99.96 99.61 
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125 126 127 
77.66 
128 129 130 
77.68 
131 132 133 
Pe 61.58 61.50 61.24 62.34 61.27 61.23 60.39 59.99 60.16 
Ni 0.19 0.25 0.18 0.12 0.19 0.33 0.6 0.29 0.31 
Co 0.10 0.10 0.10 0.08 0.11 0.11 0.10 0.17 0.15 
Cii 0.10 0.05 0.09 0.06 0.09 0.02 0.07 0.05 0.04 
Pb 0.13 0.16 0.16 0.18 0.18 0.14 0.13 0.13 0.11 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.02 0.03 0.13 0.00 0.03 0.08 0.03 0.08 0.00 
S 37.98 37.93 37.43 37.60 37.96 37.77 38.19 38.92 39.25 
Total 100.11 100.02 99.32 100.40 99.83 99.69 99.36 99.63 100.03 
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TABLE B. 19 	Pent1anite Awlys es, - Maatj Sul.-fides 
Prospect 
Sample 75/27/6.20 75/27/10.40 75/27/6.60 
PENTIAIMITE 32 33 34 38E 55E 70E 35 36 37 38 39 40 
Fe 27.91 29.01 28.48 27.53 29.72 29.13 29.22 29.25 29.26 2e.36 28.86 29.14 
37.41 35.85 36.85 38.05 36.45 36.19 36.86 37.43 37.10 37.50 37.25 36.90 
Co 1.03 1.06 1.17 1.21 0.88 1.35 0.98 0.91 0.96 1.09 1.05 1.03 
Cu 0.00 0.01 0.01 nd nd ad 0.03 0.04 0.01 0.06 0.06 0.09 
Pb 0.05 0.09 0.08 ND ND ND 0.17 0.17 0.13 0.11 0.17 0.15 
Zn 0.00 0.00 0.00 nd nd nd 0.02 0.00 0.00 0.00 0.00 0.00 
As 0.00 0.00 0.00 ND ND ND 0.08 0.00 0.00 0.00 0.06 0.02 
S 32.47 32.24 32.36 32.95 32.9e 32.83 32.65 33.03 33.07 32.73 32.82 32.89 
Total 	 98.87 98.26 98.96 99.74 100.03 99.50 	99.99 100.85 100.53 	99.86 100.27 100.23 
Prospect 0LU 
Sample 77/2/ 1 4.90 77/1/6.60a 77/2/1 5.00 77/3/8.65 
PNTLA1DITE 1 2 3 -4 5 6 7 6 9 10 11 12 
Fe 27.68 27.80 27.79 28.39 27.42 28.32 28.28 28.56 28.17 25.34 26.19 27.07 
Ni 32.60 32.46 32.52 32.96 33.16 33.25 32.88 33.08 33. 1 6 29.74 30.06 -30.67 
Co 5.60 5.58 6.40 5.15 5.75 5.48 5.29 5.23 5.30 11.96 1 0.93 9.78 
CU 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
Pb 0.11 0.18 0.10 0.12 0.20 -0.15 - 	0.16 0.14 0.15 0.14 0.14 0.14 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.04 0.04 0.00 0.12 0.03 0.01 0.02 0.00 0.11 0.10 0.00 0.00 
S 32.67 32.79 33.00 32.87 32.78 32.81 32.67 32.55 32.93 32.75 32.52 32.60 
Total 	 98.71  98.86 99.82 	99.60 99.34 100.03 	99.31 99.57 99.86 	100.03 99.63 100.27 
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TABLE B.19 	(continued) 	Pentlandite Analyses - Ma gmatic Sulfides 	- 
Prospect 
Sample 	77/4/2 3.70 	77/1/10.60 	 77/4/31.56 	 77/2a/4.85 
PEJTLAiflZ 	13 	15 	16 	17 	15 	19 	20 	21 	22 	23 	24 
Fe 27.50 26.85 27.52 27.43 27.77 26.86 27.17 27.05 25.82 27.36 2 7.96 
Ni 31.43 30.71 32.45 32.67 32.15 31.68 31.44 31.48 32.20 30.99 31.28 
Co 5.24 9.46 7.05 7.12 6.75 8.26 8.61 6.53 4.74 7.47 6.55 
Cu 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.04 0.04 
Pb 0.15 0.09 0.10 0.13 0.13 0.12 0.07 0.18 0.17 0.15 0.10 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.01 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.07 0.06 
S 32.65 32.53 32.59 32.54 32.68 32.33 32.11 32.29 32.84 32.83 32.89 
Total 99.99 99.65 99.75 99.90 99.48 99.39 99.43 99.53 95.78 95.92 98.90 
Prospect 
Sample 77/4/33.23 77/3/14.60 76.94 
PTLANDE 25 26 27 28 29 30 31 101E 107E 109E 113E 117E 121E 
Fe 28.53 28.39 28.30 27.63 27.52 27.79 27.82 29.15 24.36 26.79 2747 27.98 27.15 
Ni 31.32 31.84 31.65 32.29 32.10 32.28 31.48 32.74 25.38 26.12 24.51 26.00 25.91 
Co 5.92 5.89 5.79 6.73 7.06 6.83 6.99 4.83 17.92 14.10 14.46 10.34 1 2.77 
Cu 0.01 0.01 0.06 0.00 0.00 0.00 0.00 nd nd nd nd nd nd 
Pb 0,14 0.14 0.18 0.05 0.07 0.11 0.09 ND ND ND ND ND NI) 
Zn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 nd nd nd nd 0.21 0.28 
As 0.00 0.01 0.06 0.00 0.00 0.00 0.00 ND ND ND 1W ND ND 
S 32.89 32.76 32.66 32.35 32.02 32.45 32.40 32.74 32.90 32.89 33.42 33.17 33.13 
Total 	98.81 99.03 98.71 99.05 98.77 99.47 	98.79 	99.47 100.55 99.90 99.86 99.71 99.24 
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TJ3LE B.19 	(contiuueu) 	Pet1ate Ana.lyses - Ma.atjc Sulfides 
Prospect SEJAALEN 
Sample 76.101 78.7 1 78.76 
P 7! 11! 13! 14 15! 16! 68 69 70 71 72 73 
Fe 29.50 26.76 26.23 28.86 26.17 29.29 31.49 31.35 30.97 30.24 30.39 30.31 
Ni 30.70 30.95 29.99 33.56 33.01 32.79 33.60 33.54 33.90 34.93 34.75 35.00 
Co 7.24 9.90 11.56 5.40 6.34 5.01 1.98 1.95 2.13 1.57 1.72 1.86 
Cu 0.33 od nd 0.23 0.23 lid 0.02 0.04 0.06 0.03 0.08 0.05 
Pb 0.12 0.19 0.14 0.19 0.15 0.13 
nd 0.26 0.43 no. nd 0.00 0.00 0.01 0.01 0.00 0.00 
As nO nO nO nO nO nO 0.07 0.00 0.00 0.00 0.00 0.00 
S 33.01 32.84 32.55 32.81 32.88 32.66 33.21 32.91 32.74 32.62 33.02 33.02 
Total 100.79 100.4 100.62 101.09 100.63 99.78 100.49 99.99 99.94 100.07 1CO.12 100.37 
Prospect 
Sample 	78.67 	 78.72 	 78.77 	 77.339 
P!NTLAJDITE 	74 	75 	76 	472E 473! 	474! 	475! 476! 	477! 	83 	84 '\ 	85 	86 
Fe 30.76 31.65 31.79 29.07 29.48 29.43 29.64 29.39 29.33 30.24 30.35 30.81 29.46 
Ni 31.36 31.31 30.85 30.61 30.70 31.62 36.39 35.96 36.72 32.83 33.93 33.97 35.22 
Co 3.10 2.42 2.83 6.65 6.15 6.28 0.91 0.86 0.85 . 4.11 2.93 2.74 2.69 
Cu 0.07 0.05 0.06 0.35 0.18 nO 0.24 nO. 0.28 0.00 0.00 0.00 0.00 
Pb 0.14 0.09 0.20 ND ND ND 	- ND ND ND 0.15 0.16 0.17 0.14 
Zn 0.00 0.00 0.05 0.19 0.22 nO nO 0.19 nO 0.00 0.00 0.00 0.00 
As 0.06 0.16 0.12 0.35 nO nO nO nO nO 0.00 0.00 0.00 0.00 
S 32.82 32.91 32.51 32.61 32.76 32.85 32.93 32.89 32.86 32.42 32.69 32.56 32.55. 
Total 98.30 98.59 98.42 99.83 99.51 100.18 100.11 99.31 100.04 99.75 100.07 100.25 100.07 
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TABLE .19 	(continued) 	Pentland.ite Analyses - Naatjc Sulfides 
Prospect 
Sample 77.299 77.30Gb 77.307 
FaT7LLND=E 87 86 150E 152 1541 160E 1621 2061 2091 2161 2205 2271 
Pe 29.19 29.12 31.61 32.37 31.56 30.66 30.98 31.29 31.66 32.60 26.58 26.3 1 
Ni 35.03 34.85 32.53 32.46 32.86 33.94 33.97 32.60 32.50 31.88 30.90 29.71 
Co 3.00 3.28 2.83 2.70 3.13 3.49 3.08 3.27 2.81 3.04 10.51 10.85 
Cu 0.00 0.01 ad ad ad ad ad 0.58 0.41 0.19 0.29 0.20 
Pb 0.17 0.15 ND ND ND ND ND IM ND ND HD ND 
Zn 0.00 0.00 ad 0.36 0.21 0.27 nd ad ad ad ad 0.37 
As 0.00 0.00 ad ad ad ad ad ad ad ad ad ad 
S 32.67 32.83 32.55 32.83 . .  32.62 32.90 32.76 32.74 32.91 32.83 32.59 32.73 
Total 100.07 100.24 99.52 100.72 100.58 101.26 100.78 100.45 100.29 100.54 100.67 100.19 
Prospect 
Sample 78.64 78.65 77.330 77.316 
PENTLA1 157. 4561 4595 4605 4621 100 101 102 103 	104 	105 
Fe 29.40 29.67 29.46 29.29 30.12 30.44 29.97 30.25 30.54 30.14 
Ni 33.60 33.71 33.97 34.23 34.78 35.15 34.96 35.43 35.24 35.49 
Co 2.49 3.69 3.59 3.44 1.94 1.39 1.89 1.10 0.95 1.10 
Cu ad ad 0.25 ad 0.11 0.08 0.10 0.04 0.11 0.06 
Pb ND ND ND ND ND 1W ND 1W ND ND 
Zn ad ad ad ad ND ND ND ND ND ND 
As ad ad ad ad 0.05 0.11 0.03 0.04 0.03 0.00 
S 32.75 32.73 32.97 32.99 32.93 32.89 33.04 32.95 32.84 32.85 
Total 98.23 99.80 100.25 99.95 99.93 100.07  99.99 99.79 99.71 99.64 
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TABLE 8.19 	(continued) 	Peutlaridte Analyses - Magmatic Sulfides 
Prospect GABDSJOEX KLLTBEBCET 
Sample 77.36 76.ND.1 
PENTUNDIM 451E 4522 453E 454B 455Z 41 42 43 4412 4432 4452 
Fe 24.37 23.59 22.17 21.76 23.54 29.00 29.42 29.34 29.21 29.49 29.50 
Ni 27.26 26.14 24.65 24.00 26.39 36.74 37.04 37.16 37.01 36.54 37.36 
Co 16.37 1 8.52 21.41 22.15 18.52 0.98 0.84 1.00 1.53 1.42 1.17 
Cu 0.25 0.19 0.19 rid 0.20 0.05 0.06 0.07 rid rid rid 
Pb ND ND ND ND ND 0.04 0.09 0.03 ND ND ND 
Zn rid rid rid rid rid 0.00 0.00 0.00 rid 0.36 0.25 
As rid rid rid rid 0.28 0.12 0.04 0.13 rid rid rid 
S 33.01 33.23 32.71 32.86 32.97 32.59 32.88 32.68 33.37 32.86 33.30 
Total 101.26 101.68 101.14 100.81 101.90 99.55 100.36 100.43 101.12 100.68 101.58 
Prospect 
Sample 	 77/12/5.50 	 77/12/6.10 
PJNDI 	4472 	4492 	44 - 	45 	46 	47 	46 	49 	788 	848 	862 
Fe 29.49 29.58 30.42 30.93 30.54 30.13 31.04 30.67 29.66 29.35 30.82 
Ni 36.61 36.68 35.07 35.16 35.10 35.48 34.82 34.62 35.22 34.51 35.53 
Co 1.32 0.89 1.57 1.58 1.69 1.76 1.55 1.52 1.47 1.92 1.54 
Cu rid rid 0.07 0.05 0.03 0.06 0.03 0.07 rid rid rid 
Pb ND ND 0.10 0.08 0.06 0.06 0.03 0.03 ND ND ND 
Zn 0.20 rid 0.00 0.00 0.00 0.00 . 0.00 0.00 rid rid rid 
As rid rid 0.04 0.00 0.00 0.03 0.04 0.08 1W 1W ND 
S 33.03 33.01 32.75 32.92 32.87 32.83 32.66 32.64 33.68 32.91 32.06 
Total 100.85 100.17 100.02 100.74 100.31 100.36 100.16 99.83 100.06 98.70 99.95 
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TABLE B.19 	(continued) 	Pentla.o.ite Analyses - Ma=-tic Sulfides 
Prospect 
Sample 76.294 76.293 77/8/19.55 77/6/2.06 
PIMITLOD= 50 51 52 53 54 55 89 90 91 92 93 9 
Fe 29.81 30.04 29.99 30.59 30.51 30.15 29.e5 30.13 29.85 30.40 30.41 30.26 
Ni 35.34 35.22 35.31 34.39 34.77 34.89 35.71 35.12 35.09 35.52 35.63 35.13 
Co 1.48 1.59 1.60 1.79 1.93 1.90 1.83 1.75 1.99 1.64 1.49 1.79 
Cu 0.10 0.08 0.08 0.12 0.05 0.11 0.09 0.12 0.08 0.09 0.11 0.14 
Pb 0.18 0.13 0.11 0.13 0.17 0.15 0.13 0.08 0.11 0.07 0.11 0.03 
zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
As 0.13 0.08 0.05 0.C2 0.06 0.03 0.00 0.00 0.05 0.00 0.10 0.00 
S 32-73 32-45 32.72 32.76 32.66 32.86 32.86 32.94 32.82 32.86 32.91 32.65 
Total 	 99.79 99.56 99.86 	99.80 100.17 100.08 	100.47 100.13 100.04 	100.58 IOC-7, 	100.00 
Prospect 
Sample 77/1 2/7.30 76.336e 77.64 -. 
PITNTUNDITE 95 96 97 56 57 58 59 60 61 171E 173E 177E 
Fe 30.91 30.59 30.80 28.19 27.83 28.73 32.02 31.04 30.07 32.80 32.30 33.32 
Ni 34.67 34.96 34.83 33.72 33.65 31.58 33.87 33.71 31.72 35. 1 0 -34.54 33.92 
Co 1.80 1.45 1.49 5.26 5.56 6.98 0.07 2.05 5.09 0.23 0.24 0.15 
Cu 0.07 0.11 0.09 0.07 0.14 0.06 0.10 0.09 0.13 nd 0.29 iid 
Pb 0.04 0.10 0.13 0.12 0.14 0.13 0.17 0.12 0.19 IM IM ND 
zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00- nd nd 00.27 
As • 04 0.00 0.00 0.06 0.00 0.02 0.11 0.00 0.00 ND IM ND 
5 32.79 32.91 32.78 32.83 32.78 32.86 32.93 32.93 32.39 33.14 32.65 32.57 
Total 	-- - 100.31 100.12 100.12 100.26 100.11 100.37 99.25 99.95 99.59 101.27 100.01 100.22 
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TABLE 8.19 	(continued) Pentlathite Analyses - Magmatic Sulfides 
Prospect 
Sample 	77.66 	 77.68 
PEND'LAImITE 	62 	63 	64 	187E 	65 	66 	67 	194E 	198E 	200E 	203E 
Fe 28.75 29.90 29.04 31.24 27.33 26.49 26.70 30.53 30.52 29.92 34.13 
Ni 31.70 32.11 32.72 32.66 32.76 31.79 32.15 32.41 32.98 32.20 27.78 
Co 6.45 4.61 5.02 2.91 6.47 8.63 8.19 4.93 3.65 4.98 3.76 
Cu 0.12 0.13 0.09 nd 0.15 0.10 0.14 nd 0.32 0.30 0.26 
Pb 0.11 0.13 0.15 ND 0.09 0.11 0.16 ND ND ND ND 
Zn 0.03 0.00 0.02 rd 0.00 0.01 0.03 0.25 nd 0.24 0.37 
As 0.06 0.00 0.07 ND 0.01 0.09 0.04 0.39 nd nd na 
S 32.87 32.69 32.92 32.55 32.89 32.58 32.82 32.50 32.74 32.67 33.52 
Total 	100.09 99.57 100.03 99.36 	99.71 99.79 100.23 101.01 100.22 100.31 99.83 
374 
24312 E.20 	CbaoOp7Tit. AzAlYses - ke.ttc Suii4es 
Pro5p.c V.L1 rv' OLKL! 
: . 17 
Sample ..', 
-z. . . .. 
&1C0PI 86 90 89 76 75 74 79 78 77 82 81 
1. 29.85 30.67 30.40 30.27 30.42 30.18 29.60 29.61 29.30 29.53 29.80 
3± 0.01 0.03 0.02 0.06 0.03 0.09 0.00 0.00 0.09 0.01 0.02 
Co 0.09 0.05 0.06 0.03 0.04 0.07 0.05 0.04 0.05 0.05 0.04 
Cu 34.57 34.42 34.40 - 34.21 34.53 33.84 54.40 34.18 3.4.27 54.58 34.42 
Pb 0.10 0.21 0.13 0.15 0.15 0.06 0.18 0.22 0.18 0.14 0.15 
Zn 0.05 0.09 0.17 0.00 0.02 0.00 0.00 0.00 0.02 0.01 0.0 
At 0.00 0.10 0.07 0.00 0.00 0.00 0.10 0.10 0.00 0.00 0.43 
5 34.11 34.35 34.7 34.46 34.39 34.23 34.71 34.54 34.65 34.40 34.46 
Total 98.78 100.00 99.71 99.18 99.57 95.50 99.05 98.70 96.56 95.72 99.38 
/ 
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87 102 101 100 105 104 103 
Pe 29.65 29.65 29.86 29.97 29.74 30.76 30.29 30.46 30.31 30.65 30.41 
0.02 0.00 0.00 0.01 0.02 0.02 0.01 0.03 0.03 0.03 0.03 
co 0.05 0.06 0.06 0.04 	. 0.07 0.05 0.04 0.06 0.07 0.08 0.05 
Cu 	. 34.42 35.94 34.67 34.48 3.4.40 34.23 34.25 34.53 34.16 33.74 34.13 
Pb 0.06 0.16 0.25 0.22 0.12 0.07 0.08 0.02 0.12 0.13 0.22 
Zn 0.03 0.05 0.10 0.13 0.12 0.01 0.08 0.05 0.08 0.06 0.00. 
As 0.14 0.05 0.05 0.00 0.00 0.11 0.04 0.06 0.01 0.15 0.14 
S 34.3.2 34.50 34.76 34.58 34.17 34.52 34.65 34.50 3.4.33 34.29 34.56 
Total 98.70 98.71 99.77 99.43 95.65 99.78 99.43 95.70 99.11 99.17 99.55 
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TABLE B.20 	(continued) Chalcopyrite Analyses - Maatic Sulfides 
Prospect GAFMSJOEN KALTBERGET 






CZALCOPYEITE 109 108 106 110 Be 93 92 91 96 
Fe 30.68 30.68 30.11 31.11 31.06 30.96 30.78 31.10 30.36 
Ni 0.02 0.02 0.02 0.00 0.00 0.02 0.04 0.01 0.00 
Co 0.06 0.06 0.08 0.05 0.03 0.04 0.02 0.05 0.05 
Cu 34.02 34.02 33.36 33.89 33.97 34.90 34.43 34.50 34.50 
Pb 0.13 0.13 0.07 0.14 0.16 0.16 0.14 0.16 0.15 
Zn 0.10 0.10 0.05 0.02 0.08 0.06 0.02 0.09 0.01 
As 0.00 0.00 0.00 0.00 0.00 0.21 0.03 0.14 0.03 
S 34.27 34.27 34.53 34.06 34.46 32.00 34.27 34.20 33.90 

























Fe 30.68 30.98 30.77 30.25 30.70 31.10 31.16 30.85 
Ni 0.04 0.03 0.01 0.01 0.03 0.00 0.00 0.00 
Co 0.05 0.06 0.03 0.04 0.05 0.07 0.08 0.12 
Cu 34.72 34.33 34.23 34.19 34.55 33.59 33.57 34.06 
Pb 0.16 0.05 0.14 0.08 0.11 0.21 0.18 0.11 
Zn 0.00 0.04 0.01 0.10 0.03 0.13 0.02 0.07 
As 0.07 0.06 0.09 0.00 0.17 0.01 0.02 0.00 
S 34.34 34.53 34.20 34.61 34.27 34.09 34.24 34.51 
Total 100.04 100.08 99.49 99.28 99.91 99.19 99.27 99.74 
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77 78 79 80 
77.66 
81 82 83 
77.64 
84 85 86 
Fe 45.98 44.89 46.37 45.39 46.e9 46.76 46.90 46.23 45.65 44.80 46.04 43.06 47.25 
Hi 0.15 1.13 0.03 0.04 0.03 0.03 0.06 0.00 0.00 0.00 0.00 0.00 0.11 
co 0.11 0.12 0.08 1.97 0.35 1.04 0.95 1.43 1.81 2.32 1.28 4.56 0.12 
LIL 0.05 0.04 0.08 0.01 0.06 0.01 0.04 0.04 0.04 0.12 0.02 0.11 0.02 
0.24 0.16 0.21 0.24 0.22 0.24 0.20 0.14 0.19 0.26 0.25 0.22 0.20 
Zr. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.03 
As 0.00 0.00 0.00 0.17 0.16 0.13 0.00 0.14 0.14 0.14 0.08 0.17 0.00 
8 53.03 52.61 53.43 53.29 53.32 53.2 53.44 53.52 53.57 53.40 57.75 53- 1 4 53.54 
Total 99.57 98.96 100.20 101 .11 101.04 101.50 101.55 101 .55 101.40 101.03 1 01 -47 101.26 101.25 
TJ.3I 	3.22 Gers5oite and CDbaltjte Ana1ye - Maatic Sul4iô.es 
Prospect VAP)51 '.sw 0LU3 
Sample 75/27/6.20 77/2/1 4.90 77/1/6.6 
45 	(Gor'te) 1 	(Cob1tjte) 2 (Cobaltite) 
Fe 	- 6.17 5.26 4.81 
Ni 23.02 7.20 4.71 
Co 8.55 23.51 26.65 
0.21 0.00 
Pb nd 0.00 0.06 
0.01 0.00 
As 44.63 43.97 
5 1 7.00 19.63 1946 
Total 54.75 100.46 99.68 
° partial analysis 
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TABLE B-23 	Violarite Analyses - Magmatic Sulfides 
Prospect 0LK.D SKJAE}IRDALEN KLThERGE 
Sample 76.101 78.64 78.65 77.307 
VIOLARITE BaD lOaD 12aD l7aE 4586 4616 226 	235 	- 4426 44.46 4466 4486 45' 
Fe 24.04 27.32 23.48 26.22 22.50 26.12 26.90 	19.91 31.14 30.95 31.30 33.01 31. 
Ni 24:91 21.49 26.07 22.58 27.16 24.78 20.27 	26.66 24.33 22.43 23.37 22.78 23. 
Co 6.80 6.72 6.55 6.42 3.19 3.78 10.02 	8.91 1.37 1.43 1.44 1.38 1. 
Cu 0.22 rid 0.25 0.20 rid 0.20 rid 	0.35 rid rid rid rid n 
Pb ND ND ND ND ND ND ND 	ND ND ND ND ND NI 
Zn rid 0.25 0.23 rid rid 0.27 0.20 	rid 0.23 0.27 rid rid n 
As rid rid rid rid rid rid rid 	rid rid rid rid rid ri 
S 41.16 41.75 41.59 41.32 37.67 39.82 40.40 	39.01 40.68 40.05 40.21 39.09 40. 
Total 97.13 97.54 95.17 96.74 90.52 94.99 97.80 	97.05 97.76 95.13 96.33  96.26 96, 
METTEN 
Sample 76.245 76.300b 
leE 2eE 3aE 4a.E 5a6 6aE a5 	a6 	21E 
Fe 23.98 27.24 24.40 23.34 24.67 24.80 10.79 	10.46 	12.50 
Ni 29.32 25.71 28.26 30.77 27.87 28.60 25.52 	25.65 	26.06 
Co 2.72 3.62 3.85 3.23 3.75 3.24 20.22 	21.90 	20.40 
Cu rid rid 0.28 0.32 rid rid 0.00 	0.12 	0.18 
Pb ND) ND ND ND ND ND ND 	ND 	ND 
Zn 0.20 rid rid rid rid rid N]) 	ND 	ND 
As rid rid rid rid rid rid ND 	ND 	ND - 
S 42.41 41.52 41.71 41.34 41.23 41.42 42.16 	42.05 	40.66 
Total 98.64 98.09 98.51 99.00 97.52 98.06 98.7 1 	100.18 	99.80 
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161 162 163 164 165 
78.59 
166 167 168 169 170 
76.9 
192 193 194 195 196 
Fe 60.51 60.76 60.42 59.50 61.03 61.12 61.15 61.19 61.36 61.48 61.19 61.19 61.33 61.34 60.86 
Ni 0.37 0.42 0.20 0.13 0.31 0.11 0.09 0.11 0.11 0.11 0.34 0.30 0.27 0.29 0.3C 
Co 0.15 0.17 0.11 0.13 0.14 0.13 0.14 0.12 0.13 0.13 0.19 0.15 0.12 0.16 0.11 
Cu 0.04 0.09 0.12 0.07 0.07 0.02 0.07 0.05 0.03 0.07 0.04 0.07 0.06 0.02 0.0 
Pb 0.12 0.07 0.09 0.11 0.14 0.13 0.09 0.09 0.10 0.05 ND  ND ND ND 
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ND ND ND ND ND 
As 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.03 0.00 0.00 
S 37.87 37.75 38.78 38.40 38.10 38.03 37.99 38.20 38.02 38.15 38.27 38.31  38.20 38.24 38.3 1 
Total 99.06 99.25 99.73 98.34 99.81 99.55 99.54 99.75 99.75 100.01 - 	 100.11 100.02 100.01 100.04 99.66 
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AppE1rDIx C 
WET-CHEMICAL ANALYSIS OF MAGMATIC SULFIDE ORES 
In order to all..i analysis of the silicate component of jaeker-
dalen ores, and to ensure the greatest, possible dissolution of the sul-
fides during preparation of the sample solutions, a rough separation 
of the silicate and sulfide fractions, was performed. 
C.1 Separation of Sulfide and Silicate Fractions. 
Thinrrd and washed samples were reduced to 0.5 mm chips and powder 
by a pre-contaminated Sturtevant open-door roll jaw-crusher as described 
in A.l. The samples were then split by the "cone and quarter" method. 
To facilitate separation, and to prevent contamination of the sulfide 
fraction by Co, the samples were ground slowly in a Fritsch automatic 
agate mortar and pestel. Sieving was carried out frequently, at 80 
mesh, to prevent the excessive reduction of the sulfide fractions to 
dust. When all of the sample had passed 80 mash, it was washed repeat-
edly to remove dust. 
The sulfide and silicate fractions were separated using the heavy 
liquids di-iodornethane and Clerici solution. Di-iodomathane was usually 
sufficiently dense to produce a good separation. However, where olivine 
and pyroxene occurred, a further separation using Clerici solution was 
required. 
While the separation of silicates from sulfide-s was usually good 
(>95% optically), the sulfide fraction usually contained greater pro-
portions of entrained silicate phases (generally less than 15% optically,, 
but approximately 30% in one sample). However, as the ratio of silicates 
to sulfides in the samples is usually large (the one example of a Matrix 
ore gave a 90% pure sulfide separate, all other samples were of Dissesn-
mated or Finely Disseminated ores) ,. it is believed that this will have 
C... 
had lit-tie affect, on the liaj or element analyses: presented. in Table A. 9. 
0.2. Preparation of Sample Solutions. 
Approximately 0.5'g of sample were àccate1i weighed into a glass 
beaker. The sulfide phases were decomposed by attack with nitric acid 
and bromine (Dolezàl et al.,, 1968, pp. 57). When activity had ceased, 
the solution was warmed gently on an asbestos plate over a steam bath 
to evaporate the bromine. Any globules of sulfur , which formed were 
broken up. A second attack with nitric acid and bromine was carried 
out, and the solution evaporated' to dryness to remove the nitric acid. 
The beakers were then thoroughly washed dcn, a little hydrochloric 
acid added, and the solutions evaporated to dryness (this operation 
was repeated once). After addition of a little water, hydrochloric 
acid is added, and the salts dissolved. The solution is then carefully 
washed into a flask and diluted to 100 ml. The' undissolved residue was 
examined optically in a refractive index oil, and mounted and polished 
on an araldite block, and found to consist only of silicate and oxide 
minerals. 
0.3. Determination of Ni, Cu, and Co by Atomic Absorption Spectro-
photometry. 
The instrument used was a Varian Tech -ti-on Model ML Atomic 
Absorption Spectrophotometer. The sample solutions were diluted to the 
range 0-5 ppm, and calibrated against working standard solutions con-
taining 0, 1, 2, 3, ', and 5 ppm of Ni, Cu, and Co. The instrument 
conditions were as recommended in the makers handbook, and the wave-
lengths used were as follows .-  
Ni - 232.0 n m 
Cu - 324.7 n m 
Co - 240.7 n m. 
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Interference effects were as sunEd to be minimal (Thoirson and Reynolds, 
1970, pp.. '48,. 49,. and 60) ,.while the degree of non-secific.bàkgrourid 
absorption was investigated by use of a Hydrogen. Continuum la-Tr, and 
found to be negligible. 1,' On the instrunEnt used., a precision of better 
than 5% (standard deviation as % of amount of elèirent present) is usual 
(Saunders, pers. comm., 1979). 
C.4 Determination of Fe by Colorirretric Specophotorre1a'y. 
The inStrU]lent used was a Perkin-Elmer F'bdél 550 (UV-VIS) Spectro-
photometer, and the method was essentially that outlined by' Sandell 
(1959, pp.  542), using arruioniuin thiOloglycolate solution. The sanpie 
solutions were diluted to the range 0-15 ppm. Before addition of the'' 
colorirretric solution, sodium citrate solution was added to prevent 
the precipitation of metal hydroxides. 'The colour was coirpared soon 
after developnent with that produced by standard solutions containing 
0 1  5, 10, and 15 ppm of Fe, using 1 cm cells in the spectrophotometer 
at wavelength 540 n m. 
The colour is independent of the exact concentration of -thiOlo--
glycolate solution used, and of pH in the range 6-11. 'Sandell (1959, 
pp. 543) notes the possibility of interference by Co and Ni. However, 
for analysis of nagiatic sulfides, the extrene dilution of these ele-
ments relative to Fe allow such effects to be ignored. On the instru-
ment used, a precision of better than 1% (standard deviation as % of 
amount of element present) is usual (Saunders, pers. xnim. ,'.1979). 
DLANATI0N OF ANALYSIS TABLES IN APPENDICES A-C. 
D.l Samples. 
Sample numbers such as 77/12/6.10 refer to drill core samples. 
The first group of characters indicates the year of sampling; the 
second group indicates A/S Sulfidir.lrn drill-hole number; and the third 
gives depth in metres. At Kaitberget, all samples referred to are 
from drill holes prefaced by 76/-, such that sample 77/12/6.10 is from 
drill hole 76/12. 
All other sample numbers refer to mine, surface-exposure, or dump 
samples. 
D.l.l 	Massive volcanogenic ores. 
Samples of ore from Lokken, Tverfj ellet, and Killingdal deposits 
were provided by the operating companies. 
Samples from Kvikne and Rostvangeri were collected by the author 
from dumps. 
Characters in parenthesis in Tables B. i..B. 9 refer to sample names 
used in Table 4.6. 
D.1.2 	Magmatic ores. 
See Table D.l. 
D.2 Mineral Analyses. 
Unless otherwise specified, all analyses represent core canposi-
tions. The letter "R" following the analysis number denotes a rim 
composition. 
Energy-dispersive analyses are distinguished by the letter tYE 
following the analysis number; all others by wavelength-dispersive 
methods. 
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Other symbols used: 	 ND - not .determined 
nd - not detectable. 
D. 3 Metagabbroic and Ul - 'anafic Intrusions and Associated Magmatic 
Sulfide Mineralisation. 
Samples of metagabbroic and ultramafic intrusives, and associated 
magmatic sulfide mineralisation referred to in this thesis are descri-
bed below (Table D.l), according to the following characteristics. 
SAMPLE: E - surface-exposure 
D - dump 
C - drill core 
HOST: The silicate fraction of the rock is classified on 
a band specimen basis, according to the proportion of leucocratic 
minerals present. The classification corresponds to a field-
based rock nomenclature as shown 
I - <10% - ultramafic 
II - >10<50% - rnetagabbro 
III - >50% - metadiori -te 
RELICT IGNEOUS SILICATE MINERALOGY (MIN):. 
1 - olivine 
2 - orthopyroxene 
3 -. clinopyroxene 
ORE-TYPE (as described in Chapter 5): 
abbreviations INT - ,interstitial 
FRAG - fragmental 
ORE-GRADE (as described in Chapter 5): 
abbreviations DISS - disseminated 
F.DISS - finely disseminated 
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SUPERGENE ALTATION (ALT) :. The presence of supergene 
alteration of pyr'rhotite to marcasite, and pentlandite to vioiar-
ite is indicated as follows: 
alteration pyr'rhotite to marcasite pentlandite to violarite 
<25% 	 mc 	 vi 
>25<75% mc vi 
>75<100% 	 MC 	 VL 
100% MC VL 
ACCESSORY SULFIDE MINERALS (ASM): The following abbreviations 
denote the presence of sulfide minerals other than pyrrhotite, 
pentlandite, and chalcopyrite. 
py - pyrite 
ge - gersdorffite 
Co - cobaltite 
bn - bornite 
cc - chalcocite 
hz - heazlewoodite 
mo - molybdenite 
gn - galena 
Where magnetite occurs as a metamorphic, product of pyrrhotite, 
it is recorded as, 




Des'ipd.on of samples of reragabbroic and u1t-anfic izt'usians, and associated magmatic 
sulfide minerelisation. 
SAMPLE No. SAMPLE MOST ?flN ORE-= ORE-GRADE ALT ASH CflS 
VAOLZEN 
75/27/6.20 C II - flT MASPD( py,ge 
75/27/6.60 C II DT DISS 
75/27/10.140 C II - DT DLSS py 
OLKAR 
77/1/6. 60a C - - BRCIA MASSIVE 
77/1/10.60 C II - BRECIA STRINGER Co,py 
77/2/3.26 C III - INI F.DISS 
77/2/114.80 C - - BBEIA MASSIVE 
77/2/1 14.90 C - - BRBCIA MASSIVE Co 
77/2/15.00 C - - BRECCIA MASSIVE Co 
77/2aJ14.85 C II - BRECIA STRINGER py 
77/3/8.65 C II - BREECIA STRINGER mo  
77/3/114.60 C III - nfl' DISS 
77/14/20.148 C III - BREECIA STRINGER 
77/14/23.70 C II - BRECCIA DISS 
77/14/27.56 C IT - DT DISS 
77/14/31.56 C II - BRECCIA SINGER 
77/14/33.23c C III - BRECCIA MATRIX gn 
77/5/32.814 C II - flT F.DISS no pentlandite 
76.914 E II - flT F.DISS i 
76.101 E IT - BRECCIA DISS !rc,VL 
76.106 E II - BARREN - u1'anafic xenolith 
76.135 E II - BRECCIA STRINGER 
SKJAEKERDALEN 
(ARCHEOLD) 
78.614 E I - ThT F.DISS n,VL 
78.55 E I - DT DISS VL 
78.67 D II 1,2,3, flT F.DISS vi 
77.300a D II 1,2,3, Dfl DISS vi 
77.300b 0 II 1,3, flT DISS vi 
(H1AN) 
78.68 D I 3, flT MATRIX VI.. 
77.3014 E III - ThIT F.DISS also chaicooyr'ite-rich vein (<him) 
77.307 0 II 2, FRAG+INT MAE1D( irc,VL 
(St. OLAV) 
77.316 D II - FRAS/TJfl? DISS vi 
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TABLE D.1 	(corr..rnd) Desor±ptia) of sale of ntagabrcic am uiaafic idt-isi, and essocised axa.c 
sulfide nLne'alise.tj.on. 
SALE 1. 	S5.LE HOST MIN 0RE-7PL 0RE-GLAD ALT AM CZTS 
(.AN1DN BA) 
78.71 D I 2,3, DT DIES 
78.72 D U 1,2,3, PR+D'T - 	F.DISS 
77.323 E I - DISS vi 
(HOVE) GRIJVA) 
78.76 0 I 1,2, DTT DIES vi 
78.77 0 III - FRAG DIES vi 
(BARBARA 
77.291a E 1,2,3 1 BARREN - 
77.2911 E U 1,2,3, DT F.DISS 
E = - INI F.DISS xeriolich 
77.339 
I I - DT DIES vi 
() 
77.299 E U 1,2,3 WI DIES vi 
77.326 1 U 2,3, WI 1.0155 vi 
77.330 D n - WI DIES vi 
GRDSJ0W 
77.314 0 II - MPTX VL 
77.36 0 U - BREXIA DIES nc 
V1 
LKDAL 
77.91 E U 1,2,3 	BARREN 	- 
77 • 914 I U 1,2,3 	BARREN 	- 
77.96 1. U 3, 	MW 	- 
77.1148 E I 1,2,3 	BARREN 	- 
MAIN BODY 
76/14/145 C I 	1, BARREN 	- 
76/14/149 C I 	- BARREN 	- 
77/6/1.5 C I 	- WI 	M4IRD( 
77/6/2.06 C I 	- WI 	MTRD( 
77/8/17.77 C I , - WI 	DIES 
77/8/19.55 C I 	- Dl!' 	DIES 
77/8/21 C I 	-. WI 	MRDC 
77/12/14.30 C I 	- DII 	HATRD( 
77/12/5.50 C I 	- Dli' 	MA1'RE 
77/12/6.10 C I 	- DII 	MA1'RD( 
77/12/7.30 C I 	- WI 	DIES 
,-,h-? ,as mirsrte (co. 0) idt'ths with c1corie 
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L.3LE D.i 	(rzthiued) Dsiption of spies of xrtagabboic and utfic intrusions, and 	magntic 
sulfide 	a1jsaon. 
S1E No. ST }M Q-TPE O-GRADE A11' ASM CQ'rS 
YALTBERGET 
MfJN BODY ccit. 
77/12/7.55 C I - nr DS 
76.245 E I - nr F.DISS VL 
76.254 E BARREN - - felspathic border zone 
76.293 E I - Th'T F.DISS 
76.294 E I - r MATRD vi 
76.296 E I - GLOJLAR DISS 
76i.1 D I - 5REIIA SnM4GER 
76.3OCb E KLE= F.DISS VL w,mt 
76.336e I I 1,2,3 KLZMEN F.DISS py, 
76.336h I 11 czrm4 F.DISS PY - r 	pyrrhotit, pentlandite ora1copjrite; 
77.52 1 I 1,2,3 felspathic border zone. T.DISS 
77.64 1 I 1,2,3 )C1D F.DISS 
77.66 1 I 1,3 XLETM F.DS py,t 
77.68 1 I 1,3 CZTN 1.DIS$ mt 
AO 
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